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Editorial

Editorial for Special Issue on Gene Therapy of Rare Diseases

Cord Brakebusch

Biotech Research and Innovation Center (BRIC), University of Copenhagen, Ole Maaløes Vej 5,
2200 Copenhagen, Denmark; cord.brakebusch@bric.ku.dk

1. What Are Rare Diseases?

A rare disease is a condition that affects only a small portion of the population. In
Europe, rare diseases are defined as diseases with a frequency of less than 1 in 2000.
However, more than 7000 rare diseases have been described to date, and although each
single disease is rare, the total number of patients suffering from rare diseases is high.
It is estimated that 6% of the world population (around 450 million people) are affected
by rare diseases [1]. Most rare diseases have a genetic background. Importantly, nearly
all rare diseases lack an approved treatment; hence, the development of novel therapies
for rare diseases is a major strategic research goal in the European Union, the US, and
other countries.

2. Challenges for the Treatment of Rare Diseases

Developing therapies for rare diseases is challenging [2]. Gene therapy is the only
curative option for the treatment of most rare diseases, but here, many obstacles need to
be overcome in the development of an effective drug [3]. Firstly, many different genes
and within each gene often different disease-causing mutations need to be targeted. This
requires the development of a large number of therapies. Second, since each new therapy
addresses only a very small number of patients, the costs per treatment are very high,
often exceeding the financial capacities of individual healthcare systems. Gene therapy
products such as Lenmeldy, Hemgenix, Skysona, Zynteglo, or Zolgensma, developed for
the metachromatic leukodystrophy, hemophilia B, β-thalassemia, cerebral adrenoleukodys-
trophy, and spinal muscular atrophy, respectively, show clinical efficacy, but with prices of
up to $4.3 million per patient, sales are still slow [4]. Moreover, unexpected and expensive
failures at stage 3 clinical trials can occur despite convincing animal studies [5]. Finally,
gene therapy is associated with several safety issues, including unwanted genetic alter-
ations and immune reactions against the viral vectors used to introduce gene therapy tools
into the target cells. More research is therefore required to reduce costs and minimize the
adverse effects of gene therapy.

3. Content of This Special Issue

This Special Issue on “Gene Therapy of Rare Disease” collects several reviews and one
original article covering the ongoing research into increasing the viability of gene therapy
as a clinical treatment option.

For recessive rare diseases, where a functional gene is lacking, gene addition therapy—that
is, is the introduction of a normal version of the diseased gene into the target cells—is
possible. Lin et al. [Contribution 1], in an original article, report the successful gene therapy
of a lysosomal storage disorder involving the intracranial viral transduction of the galac-
tocerebrosidase gene into Twitcher mice, a mouse model for globoid cell leukodystrophy.
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The transduced gene was shown to be widely expressed in both the central and peripheral
nervous systems and to greatly improve the survival of the treated Twitcher mice.

Next, Giometti and Papanikolaou [Contribution 2] provide an overview of the cur-
rently used viral transduction systems for hematopoietic stem cell gene therapy. This
includes improvements to the viral vectors, small molecules enhancing transduction effi-
ciency, safety aspects, ongoing clinical trials, and corresponding gene therapies already on
the market.

Crucial for the success of gene addition therapies is the expression of the added
gene being sufficiently high and restricted to the target cells. The choice of the promoter
directing the expression level and cell type specificity of the added gene is therefore of
the utmost importance. Artemyev et al. [Contribution 3] provide a detailed introduction
to liver-specific promoters for application in the treatment of rare diseases of the liver,
including α1-antitrypsin disease, Wilson disease, and hemophilia A and B. They describe
the advantages and shortcomings of all the promoters currently used in liver-directed gene
therapy in great detail. In an additional review, Artemyev et al. provide an overview of
the attempts to generate synthetic promoters combining high tissue-specificity with high
expression levels, thus widening the repertoire of natural promoters currently being used
[Contribution 4].

More elegant than therapy by gene addition is therapy by gene repair, which, ideally,
changes the defective gene back to the normal variant of the gene. In recent years, CRISPR
technologies, including classical CRISPR/Cas9 genome editing, base editing, and prime
editing, have given this field a significant boost. In 2025, Casgevy, a CRISPR-based cure for
sickle cell anemia and transfusion-dependent β-thalassemia, was approved by the FDA,
and more than 100 clinical trials for CRISPR-based medicines are ongoing. Mentani et al.
[Contribution 5] describe the molecular mechanisms underlying the repair of DNA double-
strand breaks, as well as the prime editing technology, which requires only a single-strand
DNA break, resulting in less off-target effects.

Improving the efficiency and specificity of gene editing is a major research goal in
CRISPR gene editing. He and Brakebusch [Contribution 6] discuss the question of whether
modulation of nuclear actin polymerization could be used to increase the efficiency of
precise CRISPR/Cas9 genome editing by homologous recombination.

Finally, two reviews present the current state of the art in gene therapy for specific
rare diseases. Leal et al. describe the challenges and opportunities encountered in treating
lysosomal storage disorders via CRISPR/Cas technologies [Contribution 7], and Vale et al.
demonstrate the gene therapy options for the treatment of Diamond-Blackfan anemia
[Contribution 8].

4. Conclusions

Taken together, gene therapy for rare diseases is a vibrant research field that, increas-
ingly, is producing drugs approved for clinical application. However, the costs of these
curative therapies need to be reduced in order to promote their wider application.
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Highlights:

What are the main findings?

• A single, region-specific intracranial dose of AAV9-GALC achieves widespread CNS-
PNS biodistribution, sustained supraphysiological GALC activity, and complete life-
long psychosine normalization in Twitcher mice.

• This streamlined monotherapy preserves myelin integrity, proteostasis, and motor
function, leading to near–wild-type lifespan without the need for HSCT, repeated
dosing, multi-route administration, or high systemic AAV exposure.

What are the implications of the main findings?

• Demonstrating durable metabolic and structural correction after a single intracranial
dose provides strong rationale for translational intracerebral AAV9 strategies that
minimize procedural burden and systemic risks.

• These results establish a practical therapeutic framework for GLD, highlighting the
feasibility of achieving long-term CNS-PNS wide correction through targeted, low-
exposure gene delivery.

Abstract: Globoid cell leukodystrophy (GLD) is a devastating lysosomal storage disorder
caused by galactocerebrosidase (GALC) deficiency, leading to cytotoxic psychosine accu-
mulation, broad neuroinflammation, dysfunction of autophagy and ubiquitin-proteasome
system, progressive demyelination in both the central (CNS) and peripheral nervous
systems (PNS), and premature death. Curative treatments are lacking, highlighting the
urgent need for transformative approaches. Existing therapies have failed to achieve
durable metabolic correction across neural compartments or sustained functional recovery.
Here, we demonstrate that a single intracranial administration of high-titer AAV9-GALC
targeting the thalamus and deep cerebellar nuclei achieves unprecedented and lifelong
therapeutic efficacy in the Twitcher mouse model of GLD. This region-specific monotherapy
achieved broad neuronal and glial transduction throughout the CNS and PNS, resulting in
sustained supraphysiological GALC activity and complete normalization of psychosine
levels. Treated mice exhibited preserved proteostasis, axonal architecture, and myelin
integrity, inhibition of neuroinflammation, alongside restored motor function. Remarkably,

Cells 2025, 14, 1942 https://doi.org/10.3390/cells14241942
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treated mice attain lifespans approaching wild-type levels, far surpassing all previously
reported interventions in this model, indicating a durable, possibly lifelong therapeutic
effect. By achieving durable and comprehensive metabolic and structural correction across
neural systems without repeated dosing, multi-route delivery, combinational therapy,
hematopoietic stem cell transplantation, or high-dose systemic delivery, this study estab-
lishes CNS-directed AAV9 monotherapy as a clinically translatable and potentially lifelong
therapeutic paradigm for GLD.

Keywords: AAV; globoid cell leukodystrophy; GALC; gene therapy; psychosine; demyelination;
neuroinflammation; autophagy

1. Introduction

Globoid cell leukodystrophy (GLD), or Krabbe disease, is caused by lysosomal storage
disease. The infantile form of GLD accounts for approximately 90% of cases and represents
the most severe phenotype. Affected infants typically present with extreme irritability,
spasticity, and feeding difficulties as early as two months of age [1]. These symptoms
rapidly progress to include vision loss, seizures, developmental regression, and profound
neurodegeneration, culminating in early mortality, often by the age of two years [1]. The
sole established therapeutic intervention for infantile GLD is hematopoietic stem cells trans-
plantation (HSCT) for presymptomatic patients, extending median survival to 15.5 years
but failing to halt neurological decline [2].

GLD is caused by autosomal recessive mutations in the GALC gene, which encodes
lysosomal galactocerebrosidase, an enzyme essential for galactosylceramide degradation, a
key sphingolipid component of myelin [1]. GALC deficiency results in impaired catabolism
of both galactosylceramide and galactosylsphingosine (psychosine), the latter being a cy-
totoxic metabolite that accumulates in the central nervous system (CNS) and peripheral
nervous system (PNS). Psychosine integrates into lipid rafts, disrupting membrane archi-
tecture and intracellular signaling critical for oligodendrocyte survival [3]. Additionally,
psychosine interferes with autophagy and the ubiquitin-proteasome system (UPS), leading
to cytoplasmic aggregate formation, mitochondrial dysfunction, increased reactive oxygen
species, and apoptotic death of myelin-forming cells [4,5].

The Twitcher (Twi) mouse, an authentic murine model of infantile GLD, harbors a
spontaneous nonsense mutation in Galc [6]. These mice exhibit progressive neurologi-
cal decline that includes tremors, ataxia, paralysis of the hindlimb, reduced food intake,
and weight loss, eventually succumbing around postnatal day 40 (P40). Pathologically,
Twi mice exhibit absent GALC activity, elevated psychosine levels, widespread demyeli-
nation, and astrogliosis in the CNS and PNS, closely recapitulating human disease [7].
This model is extensively used to investigate disease mechanisms and evaluate emerging
therapeutic strategies.

Several therapeutic approaches have been explored in Twi mice, including HSCT,
enzyme replacement therapy (ERT), substrate reduction therapy (SRT), and gene therapy.
HSCT has demonstrated benefits in reducing neuroinflammation and partially delaying
disease progression, particularly when administered pre-symptomatically [7]. ERT has
demonstrated limited effectiveness due to challenges in achieving sufficient enzyme de-
livery across the blood-brain barrier [8]. SRT achieves modest reductions in psychosine
accumulation, though it has limited impact on survival [9]. Gene therapy using adeno-
associated viral (AAV) vectors has shown the most promising approach to date, especially
when administered neonatally, significantly extending lifespan and preserving myelin in-
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tegrity [10]. While no single therapy fully reverses Krabbe disease, combinatorial strategies
addressing enzyme deficiency, substrate toxicity, and neuroinflammation show the most
promise in pre-clinical studies [10]. Yet, effective interventions restoring long-term central
and peripheral myelin integrity, metabolism, and survival remain limited.

In this study, we demonstrate comprehensive correction of pathological, metabolic,
and functional deficits in Twitcher mice through a single-dose, CNS-directed AAV9-GALC
monotherapy. This targeted approach achieves sustained supraphysiological GALC activity,
normalization of psychosine levels across both the CNS and PNS, and long-term preserva-
tion of proteostasis and myelin integrity. Notably, this treatment extends lifespan to near
wild-type levels, surpassing all previously reported outcomes from either monotherapy or
combinatorial gene therapy strategies. By achieving durable correction without repeated
administration, combination therapy, HSCT, or high-dose systemic delivery, this study
establishes CNS-directed AAV9 monotherapy as a clinically translatable and potentially
lifelong therapeutic paradigm for GLD.

2. Materials and Methods

2.1. Animals and Therapy

All animal procedures were conducted in accordance with the guidelines for animal
care sanctioned by the Animal Care and Use Committee of MacKay Memorial Hospital.
The colonies of heterozygous (twi/+) twitcher mic, possessing a genetic background of
C57BL/6J, were maintained through inbreeding under pathogen-free conditions in the
animal research facility at MacKay Memorial Hospital. Genotyping of twitcher mice was
performed at three days of age using a molecular PCR assay, as previously described [11].
Experimental subjects, including wild-type (+/+) and homozygous (twi/twi) mice, were
allowed to live freely until reaching the moribund stage.

Newborn Twi mice were injected with AAV9-GALC at P3. The viral suspension was
slowly injected into thalamus (1.5 mm rostral and 1 mm lateral from the lambda and 3 mm
deep), and cerebellum (2 mm caudal and 1.5 mm lateral from the lumbda and 30◦ medial
oblique 3 mm deep) at both hemispheres with Hamilton syringe (Hamilton Company,
Reno, NV, USA). The animals received a total of 1.2 × 1012 AAV9 particles in a volume of
5 μL and 10 μL at each thalamus and deep cerebellum injection site, respectively. Untreated
Twi and normal wild-type (WT) mice were included as controls.

2.2. Vector Production

The preparation of recombinant adeno-associated virus (rAAV) vectors was performed
using a cotransfection method at the AAV Core Facility of Academia Sinica. The AAV9-
GALC vector was designed to incorporate murine GALC cDNA under the regulation of
the human cytomegalovirus enhancer and chicken-β-actin promoter. The recombinant
AAV9-GALC vector was packed through a cotransfection procedure, involving vector
plasmids and helper plasmids. The purification of the viral vector was performed by means
of cesium chloride gradient centrifugation followed by extensive dialysis. The AAV titter
was determined by droplet digital PCR.

2.3. GALC Activity

GALC activity was assessed using a previously described modified method [12].
Fresh tissue samples were homogenized in 10 mM sodium phosphate buffer (pH 6.0)
containing 0.1% (v/v) NP-40, followed by centrifugation. An aliquot of 50 μL supernatant
(5 μg protein) was incubated at 37 ◦C for 1.5 h in 100 μL reaction buffer (0.1/0.2 M cit-
rate/phosphate buffer, pH 4, and 22 mM AgNO3) containing 1.5 mM 4-methylumbelliferyl-
D-galactopyranoside (cat#38597-12-5, Sigma-Aldrich, St Louis, MO, USA) as fluorescent
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substrate. The reaction was terminated by adding 200 μL stop buffer (0.2 M glycine/NaOH,
pH 10.6). The fluorescence of released 4-methylumbelliferone was measured on a DTX
880 Multimode Detector (Beckman Coulter, Brea, CA, USA) at excitation and emission
wavelengths of 385 nm and 450 nm, respectively. Enzymatic activity was expressed
as nmol/mg/h.

2.4. Psychosine Concentration

Psychosine levels were quantified using a previously described LC-MS method with
slight modifications [13,14]. Psychosine (cat#1305) and N-acetyl-psychosine (cat#1325)
(internal standard, IS) were obtained from Matreya Chemical Co. (Ann Arbor, MI, USA).

Fresh tissue samples were homogenized in ice cold methanol (20% w/v). An 80 μL
aliquot of homogenate was mixed with 240 μL of a formic acid/ethanol/isopropanol/
methanol solution (0.5:37.5:37.5:25, v/v/v/v) and 10 μL of 50 ng/mL IS. The mixture
was centrifuged at 20,400× g for 5 min and 150 μL of the resulting supernatant was
combined with 60 μL of 1,3-butanediol. The mixture was evaporated to dryness under a
nitrogen stream at 60 ◦C, reconstituted in 300 μL of mobile phase B (0.1% formic acid in
acetonitrile/methanol, 95:5, v/v), ultrasonicated for 5 min and centrifuged at 1220× g for
10 min. The supernatant was filtered through a 0.22 μm membrane filter and analyzed
using an Agilent 1260 infinity LC system (Agilent Technologies, Sata Clara, CA, USA).
Psychosine levels were expressed as pmole/mg weight.

2.5. Immunofluorescences

Immunofluorescence staining was performed on slide mounted mouse brain cryosec-
tions according to an optimized protocol. Briefly, tissues were fixed in 4% paraformalde-
hyde (PFA), sequentially cryoprotected in 30%, 40% and 60% sucrose solutions, embedded
in optimal cutting temperature (OCT) compound, and snap-frozen in chilled isopentane.

The sections were allowed to equilibrate to room temperature and post-fixed in
4% PFA for 10 min. After three washes in PBS, antigen retrieval was performed using a
DAKO antigen retrieval buffer (DAKO Omnis, Agilent Technologies, Sata Clara, CA, USA),
according to the manufacturer’s instructions. The slides were then allowed to cool at room
temperature (RT) and washed in phosphate buffered saline (PBS). Permeabilization was
performed with 0.3% Triton X-100 in PBS for 10 min, followed by blocking with 10% normal
goat serum in 0.3% Triton X-100/PBS for 1 h at room temperature.

Sections were incubated overnight at 4 ◦C with primary antibodies targeting myelin
proteolipid protein (PLP) (cat#ab28486, #ab9311, Abcam, Waltham, MA, USA, 1:200 dilu-
tion), glial fibrillary acid protein (GFAP) (cat#Z0334, DAKO Omnis, Agilent Technologies,
Sata Clara, CA, USA, 1:300 dilution), ionized calcium binding adaptor molecule 1 (Iba1)
(cat# 019-19741, FUJIFILM Wako Pure Chemical, Osaka, Japan, 1:200 dilution), CD68
(cat#ab53444, Abcam, Waltham, MA, USA, 1:200 dilution), sequestosome 1 (p62/SQSTM1)
(cat#56416, Abcam, Waltham, MA, USA, 1:200 dilution) and ubiquitin (cat#7254, Abcam,
Waltham, MA, 1:200 dilution). After washing, sections were incubated for 1 h at room
temperature with appropriate Alexa Fluor 488 or Alexa Fluor 594 conjugated secondary
antibodies (Thermal Fisher Scientific, Waltham, MA, USA, 1:500 dilution). The nuclei
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The stained sections were
mounted with antifade medium and stored at 4 ◦C in the dark until imaging. Fluorescent
images were captured using a Leica DM IL LED microscope (Leica, Wetzlar, Germany)
for analysis.

2.6. X-Gal Histochemistry

The modified histochemical staining technique for the in situ localization of GALC
activity was performed according to established protocols [15,16]. The cryosections were
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fixed in 4% paraformaldehyde for 15 min at RT and then equilibrated in citrate/phosphate
buffer (C/P buffer, pH 4.2) for an additional 15 min at RT. The sections were then incubated
with a solution containing taurodeoxycholic acid (TDCA, 5 mg/mL) and oleic acid (OA,
5 mg/mL) prepared in C/P buffer (pH 4.2). This was followed by staining with a X-Gal
solution containing 2 mg/mL of X-Gal and 5 mM potassium ferricyanide/potassium
ferrocyanide, which was supplemented with TDCA (5 mg/mL) and OA (5 mg/mL) in
C/P buffer (pH 4.2) for 1.5 h at 37 ◦C. Finally, the sections were washed with phosphate
buffered saline (PBS) and distilled water, followed by counterstaining with Nuclear Fast
Red (Sigma-Aldrich, St Louis, MO, USA).

2.7. In Situ Hybridization

To confirm successful transfection of the AAV9-GALC vector into the brain, spinal
cord, and sciatic nerve of Twi mice after gene therapy, GALC mRNA was detected using
in situ hybridization with an Mm-GALC probe (cat#563541) designed via RNAscope™
technology (Advanced Cell Diagnostics, Newark, CA, USA).

The tissue cryosections mounted on slides were fixed in 4% paraformaldehyde pre-
chilled in PBS at 4 ◦C for 15 min. After fixation, sections were sequentially dehydrated in
graded ethanol solutions (50%, 70%, and 95%) for 5 min each at room temperature (RT)
and air dried for 5 min. Using the RNAscope® 2.5 HD Detection Kit–BROWN (cat#322310),
endogenous peroxidase activity was quenched with RNAscope® hydrogen peroxide. The
slides were then treated with boiling 1X target recovery solution at 100 ◦C for 5 min, washed
3~5 times in distilled water at RT, rinsed in 100% ethanol, and air dried. Subsequently,
the slides were treated with RNAscope Protease IV and incubated at 40 ◦C for 30 min.
After washing with distilled water, hybridization was performed with the Mm-Galc probe
at 40 ◦C for 2 h. The sections were washed with Wash Buffer for 2 min at RT and then
sequentially hybridized with amplification reagents Amp1, Amp2, Amp3, Amp4, Amp5
and Amp6 for 30, 15, 30, 15, 30, and 15 min, respectively, with a 2-min Wash Buffer rinse
at RT between each amplification step. The signal was detected using chromogenic DAB
staining and the sections were counterstained with hematoxylin. Bright field microscopy
was used to visualize the results.

2.8. Quantification of Viral Genomes by ddPCR

Quantification of AAV9 vector genome copies was performed using droplet digital
PCR (ddPCR) on the Bio-Rad QX200 system (Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer’s instructions. Duplex ddPCR reactions were prepared
using primer–probe sets targeting the chicken β-actin (CBA) intron sequence within the
AAV vector genome and the mouse Rpp30 gene as a single-copy endogenous reference for
normalization. Droplets were generated with the Bio-Rad Automated Droplet Generator,
thermocycled on a T1000 Thermal Cycler, and subsequently read on the QX200 Droplet
Reader. Vector genome (VG) copies per diploid genome (VG/DG) were calculated as
the ratio of AAV CBA intron copies to Rpp30 copies divided by two, providing precise
quantification of AAV9 biodistribution in mouse brain tissues following CNS delivery.

2.9. Transmission Electron Microscopy

Sciatic nerves were prepared for transmission electron microscopy following standard
protocols. Briefly, the samples were immersed in a fixative solution containing 2.5% glu-
taraldehyde and 1% osmium tetroxide, then dehydrated through a series of graded ethanol.
Subsequently, the dehydrated samples were infiltrated with Spurr resin at three separate
intervals of two hours each, culminating in polymerization at 70 ◦C for 8 h. The semi-thin
sections (1 μm) were then cut from the embedded samples and stained with 0.5% toluidine
blue to facilitate the identification of areas of interest under a light microscope. From
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these identified regions, ultrathin sections (70~90 nm) were prepared and subjected to
staining with 2% methanolic uranyl acetate, followed by Reynolds lead citrate. The stained
ultrathin sections were subsequently examined using a transmission electron microscope
(JEM-1200EXII, JEOL Co., Tokyo, Japan) to analyze the ultrastructural characteristics of the
sciatic nerve tissue.

2.10. Survival and Phenotype

Untreated Twi mice and WT mice were designated as control groups for the assess-
ment of lifespan and weight. Both AAV9-treated (AAV9-Twi) and untreated Twi mice
were monitored under standard conditions and allowed to live freely until they reached
the moribund stage. All mice were subjected to daily observations, with body weights
recorded weekly.

Motor coordination, strength, and locomotor function were assessed using a battery
of behavioral tests, including the wire maneuver, rod balance, pole test, negative geotaxis,
and wire hang test, as previously described [17–19]. For the wire maneuver, mice were
suspended by the tail and lowered onto a horizontal wire. Scoring was as follows: 0, mouse
swung hind legs to grasp the wire; 1, grasped the wire with struggling; 2, unable to grasp
with hind limbs; 3, fell within 3 s; 4, fell immediately. The balance rod was used to test
balance and motor and locomotor function. The mouse was placed on top and in the
middle of a wooden rod (90 cm in length and 1.2 cm in diameter) that was 24 cm above the
surface. Scores were assigned as follows: 0, traversed rod to end; 1, fell before reaching
end; 2, froze for 60 s; 3, fell within 3 s; 4, fell immediately. The pole test was performed
with minor modifications from Matsuura et al. [19] and measured strength and motor and
locomotor function. The mice were placed head-up on a vertical pole and given 60 s to
descend. Scores were assigned as follows: 0, turned and climbed down within 10 s; 1, took
longer than 10 s; 2, turned but slid down; 3, turned and fell; 4, held on for 60 s; 5, held on or
more than 30 s; 6, held on or more than 5 s; 7, fell immediately. The wire hang test provided
a simple measure of strength. Latency to fall from an inverted cage lid, 50 cm above the
surface, onto the soft bedding was recorded (maximum time 60 s).

2.11. Statistical Analysis

All results were expressed as the mean ± SD, and analyzed using the GraphPad
Prism 6.0 software package. The survival rates between groups were plotted and an-
alyzed using the Kaplan-Meier method, with a p-value of less than 0.05 considered
statistically significant.

3. Results

3.1. Survival and Weight and Behavioral Assessment

Untreated Twi mice exhibited a lifespan between 35 and 43 days, serving as a base-
line for comparison with AAV9-treated twitcher (AAV9-Twi) mice. Administration of
AAV9-delivered gene therapy resulted in a marked extension of survival, with treated Twi
mice demonstrating a minimum lifespan of 207 days and a median survival of 530 days
(Figure 1A). Notably, 90.5% of AAV9-treated twitcher mice survived beyond one year, and
66.7% attaining an advanced age exceeding 500 days. The two longest-lived AAV9-Twi
mice survived for 726 and 814 days, respectively, before being euthanized to conclude
the study.

The body weight of the experimental animals was recorded weekly and analyzed
to assess the efficacy of the treatment (Figure 1B). The improvement benefit of AAV9-
mediated gene therapy was also evident in terms of body weight. Untreated Twi mice
exhibited a significant delay in weight gain beginning at P21, followed by progressive
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weight loss after P35, in contrast to WT and AAV9-Twi mice. Although AAV9-Twi mice
displayed significantly lower body weight than WT mice after P42, their overall pattern of
weight gain closely paralleled that of WT controls. In adulthood, AAV9-Twi mice reached
a maximum body weight corresponding to approximately 75% of that observed in WT
mice. Furthermore, AAV9-Twi mice preserved ambulatory function (Video S1) and feeding
behavior throughout their lifespan, with only moderate weight loss observed prior to
sudden death. Notably, two longest-lived AAV-Twi mice, surviving 726 and 814 days
respectively, remained active and asymptomatic, displaying phenotypes comparable to
age-matched WT mice. No age-related complications or late-onset adverse effects were
observed in long-lived AAV9-Twi mice.

Figure 1. AAV9 Treatment Extends Survival and Improves Weight Gain and Behavioral Function
in Twi Mice. (A) Kaplan-Meier survival curves demonstrate a significant extension of lifespan in
AAV9-Twi mice (n = 22), reaching a maximum of 814 days, compared to untreated Twi mice (n = 16).
WT mice (n = 16) are shown for reference. Vertical black ticks indicate censored animals, representing
those removed at the study endpoint or for analysis. Statistical analysis was performed using Log-
rank (Mantel-Cox) test. *** p < 0.001 compared to Twi, ### p < 0.001 compared to WT. (B) AAV9-Twi
mice exhibit improved weight gain over time, in contrast to severely impaired growth in untreated
Twi mice. Mean body weights for WT (n = 16), untreated Twi (n = 16), and AAV9-Twi mice are
presented. (C–F) Behavioral assessments at P42 and P350 reveal that AAV9-Twi mice (n = 3) perform
comparably to WT mice (n = 4) in wire maneuver, balance rod, pole, and wire hang tests. Untreated
Twi mice display severe deficits at P42. Statistical analysis was performed using one-way ANOVA.
** p < 0.01; *** p < 0.001.

Functional assessments at P42 and P350 demonstrated preserved motor coordina-
tion, muscular strength, and locomotor activity in AAV9-Twi mice, as evaluated by wire
maneuver (Figure 1C), rod balance (Figure 1D), pole test (Figure 1E), and wire hang as-
says (Figure 1F). Their performance was comparable to age-matched WT controls. In
contrast, untreated Twi mice at P42 displayed profound impairments across these behav-
ioral domains. Furthermore, AAV-Twi mice demonstrated normal spontaneous behaviors,

10



Cells 2025, 14, 1942

including active locomotion (Video S1), drinking, and food consumption, indicative of
sustained overall health and functional preservation following gene therapy. Normal
behavior were supported by quantitative, validated behavioral assays and supplemental
video documentation.

3.2. Supraphysiological Levels of GALC Activity

GALC activity was evaluated in multiple regions of the brain, including the cortex
(Figure 2A), thalamus (Figure 2B), cerebellum (Figure 2C), brainstem (Figure 2D), spinal
cord (Figure 2E), and sciatic nerve (Figure 2F) at P42 in near-moribund Twi mice and age-
matched WT controls, as well as in aged (>P500) WT mice and aged (>P500) AAV9-Twi mice
(Figure 2A–F). Tissue samples from Twi mice exhibited minimal detectable GALC activity
compared to that of WT mice. GALC activity levels in aged WT mice were comparable to
those observed at P42, indicating stable enzyme expression with age.

Figure 2. Supra-normal GALC Activity and Normalization of Psychosine Levels Following AAV9
Treatment in Twi Mice. (A–F) Aged (>P500) AAV9-Twi mice (n = 3) exhibit supra-normal GALC
activity in the cortex, thalamus, cerebellum, brainstem, spinal cord, and sciatic nerve compared to
P42 and aged (>P500) WT mice (n = 3 per group). In contrast, untreated Twi mice (n = 3, P42) display
markedly reduced GALC enzymatic activity across these regions. (G–L) Psychosine concentrations
in the cortex, thalamus, cerebellum, brainstem, spinal cord, and sciatic nerves are normalized in aged
AAV9-Twi mice, reaching levels comparable to those observed in WT controls. Untreated Twi mice

display substantial psychosine accumulation in all regions examined. The same tissue samples were
used to measure GALC enzymatic activity in duplicate and psychosine levels in triplicate. Data are
presented as mean ± SD. Statistical significance was determined by one-way ANOVA. ** p < 0.01;
*** p < 0.001.
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Remarkably, brain tissue from aged AAV9-Twi mice exhibited supranormal GALC
activity relative to aged WT controls. In regions corresponding to AAV injection sites,
GALC activity in the thalamus and cerebellum increased 20-fold and 12-fold, respectively,
of the levels observed in aged wild-type mice, indicating efficient and robust transduction
of AAV-GALC. Adjacent regions, including the cortex and brainstem, exhibited increases in
GALC activity of up to 65-fold and 5.6-fold, respectively, relative to aged WT mice. Notably,
distal regions such as the spinal cord and sciatic nerves also exhibited substantial increases,
with GALC activity elevated approximately 4.5-fold and 6.5-fold, respectively, compared to
aged WT mice. These findings of widespread, supranormal GALC activity in both CNS and
PNS of AAV9-Twi mice indicate stable, robust, and sustained expression of AAV-delivered
GALC throughout the life of the treated animals.

3.3. Normalization of Psychosine Concentration

In untreated Twi mice, lack of functional GALC leads to psychosine accumulation
across tissues, notably in myelin-rich regions. To assess the relevance of GALC activity
in catalyzing psychosine degradation, we measured psychosine levels in the same tissue
samples used for the GALC activity assay. Mass spectrometry-based quantification re-
vealed profound psychosine accumulation in the cortex (Figure 2G), thalamus (Figure 2H),
cerebellum (Figure 2I), brainstem (Figure 2J), spinal cord (Figure 2K), and sciatic nerve
(Figure 2L) of untreated Twi mice at P42, with the spinal cord exhibiting the highest levels.
P42 and aged WT mice exhibited substantially lower psychosine levels across these regions
(Figure 2G–L). Notably, aged AAV9-Twi mice (Figure 2G–L) showed psychosine concentra-
tions in the cortex, thalamus, cerebellum, brainstem, and spinal cord comparable to those
of P42 and aged WT mice. While psychosine levels in the sciatic nerve of AAV9-Twi mice
were moderately elevated relative to P42 WT mice, they did not differ significantly from
aged WT controls. These results demonstrate that AAV9-mediated GALC gene therapy
effectively normalizes psychosine accumulation in both central and peripheral nervous
system tissues, sustaining near-physiological levels throughout the lifespan of treated
animals.

3.4. Intense and Broad GALC Expression

To visualize GALC enzymatic activity following AAV-mediated gene therapy, a modi-
fied X-Gal histochemical staining protocol was employed, as previously described, which
selectively inhibits endogenous β-galactosidase activity to enable specific in situ detection
of GALC activity in the CNS and PNS (Figure 3) [15].

In aged AAV9- Twi mice (Figure 3A–M), intense X-Gal staining was observed at the
primary injection sites, including the thalamus and cerebellar white matter, corresponding
to localized GALC enzymatic activity. Notably, robust and widespread staining extended
from the olfactory bulb (Figure 3A), rostral infralimbic cortex (Figure 3B), cingulate cortex
(Figure 3C), to caudal retrosplenial granular cortex and midbrain (Figure 3D). Intense
staining was also detected in caudate putamen (Figure 3E), thalamus (Figure 3F) and
hippocampus (Figure 3F). Within the hippocampus (Figure 3F), strong X-Gal signals were
detected in neurons of the CA1, CA2, CA3 regions, and the dentate gyrus. Prominent
staining was also observed in cerebellar white matter and Purkinje cells (Figure 3G).

In the brainstem and midbrain, variable staining intensities were detected in medulla
(Figure 3H), with particularly strong signal in the substantia nigra (Figure 3I) and basilar
pontine nuclei (Figure 3J). In sagittal spinal cord sections, abundant staining was evident
along both the dorsal and ventral horns, and dorsal root of cervical (Figure 3K) and lumbar
spinal cord (Figure 3L), and sciatic nerve (Figure 3M). Of note, X-Gal staining was also
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observed in the corpus callosum (Figure 3B–E), fornix (Figure 3E,F), and dorsal and lateral
columns of the spinal cord (Figure 3K,L).

Figure 3. Widespread GALC Enzymatic Activity in the CNS and PNS of AAV9-Twi Mice. Modified
X-Gal histochemical staining reveals robust GALC enzymatic activity throughout multiple regions of
the central and peripheral nervous systems in aged (>P500) AAV9-Twi mice. Representative images
show intense X-Gal staining in the (A) olfactory bulb; (B) prefrontal cortex; (C) cingulate cortex;
(D) retrosplenial cortex; (E) caudate putamen; (F) hippocampus and thalamus; (G) cerebellar white
matter and Purkinje cells; (H) medulla; (I) substantia nigra; (J) pons; dorsal and ventral horns of the
(K) cervical and (L) lumbar spinal cord, including a higher magnification of intense GALC expression
in the dorsal root (inset), respectively; and (M) longitudinal section of the sciatic nerve. Note the
sparse X-Gal staining observed in the corpus callosum, fornix, and dorsal and lateral columns of the
spinal cord. Cortical sections from (N) P42 WT and (O) P42 untreated Twi mice are shown as controls.
Scale bars: 200 μm. Abbreviations: cc, corpus callosum; cp, caudate putamen; crb, cerebellum; ctx,
cortex; dc, dorsal column; dh, dorsal horn; dr, dorsal root; fn, fornix; hp, hippocampus; lc, lateral
column; mb, midbrain; md, medulla; olf, olfactory bulb; tha, thalamus; sn, substantia nigra; pns:
pons; pn, pontine nucleus; vh, ventral horn; sci, sciatic nerve.

In WT mice at P42, X-Gal staining was evident in neurons of the cortex (Figure 3N),
hippocampus (Figure 3N), and Purkinje cell layer. Moderate staining was also evident
observed in the corpus callosum, mossy fibers of the caudate putamen, and cerebellar
white matter. In contrast, no detectable X-Gal staining was present in the correspond-
ing brain regions of untreated Twi mice (Figure 3O), consistent with the loss of GALC
enzymatic function.
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Collectively, our findings indicate widespread and sustained GALC expression fol-
lowing AAV9-mediated gene delivery, supporting effective transduction and enzymatic
activity across multiple neuroanatomical regions of the CNS and PNS.

3.5. Sustained and Widespread Biodistribution

We used RNAscope technology, a highly sensitive and specific in situ hybridization
method, to detect the delivery of therapeutic DNA molecules mediated by AAV9-based
CNS-targeted gene therapy in the CNS and PNS of Twitcher mice. RNAscope utilizes target-
specific probes to hybridize with RNA transcripts of interest, enabling single-molecule
detection through a branched amplification system that generates intense and localized
chromogenic signals.

Using an RNAscope probe designed for mGALC mRNA, the hybridized signals were
amplified and visualized as chromatic puncta, representing individual RNA molecules
(Figure 4).

 

Figure 4. Sustained and Widespread Biodistribution in the CNS and PNS of AAV9-Twi Mice.
Spatial biodistribution of AAV9-delivered GALC was assessed by in situ hybridization. Robust
GALC mRNA expression is detected across multiple regions of the central and peripheral nervous
systems in aged AAV9-Twi mice. Representative images show intense hybridization signals in the
(A) olfactory bulb; (B) prefrontal cortex; (C) cingulate cortex; (D) retrosplenial cortex; (E) caudate
putamen; (F) hippocampus and thalamus; (G) cerebellar white matter and Purkinje cells; (H) medulla;
(I) midbrain; (J) pons; dorsal and ventral horns of the (K) cervical, including a higher magnification
of the intense
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hybridization signals in the dorsal horn (inset), and (L) lumbar spinal cord; and (M) cross section of
the sciatic nerve. Sciatic nerve sections from (N) P42 WT and (O) P42 untreated Twi mice are included
for comparison. Scale bars: 200 μm (A–L), 20 μm (M–O). Abbreviations: cc, corpus callosum; cp,
caudate putamen; crb, cerebellum; ctx, cortex; dc, dorsal column; dh, dorsal horn; dr, dorsal root;
fn, fornix; hp, hippocampus; lc, lateral column; mb, midbrain; md, medulla; olf, olfactory bulb; tha,
thalamus; sn, substantia nigra; pns: pons; pn, pontine nucleus; vh, ventral horn; sci, sciatic nerve.

Robust and highly localized signals were detected in the brains of aged AAV9-Twi
mice, demonstrating effective transgene delivery and expression (Figure 4A–M). Notably,
the olfactory bubs (Figure 4A), rostral infralimbic cortex (Figure 4B), cingulate cortex
(Figure 4C), caudal retrosplenial granular cortex (Figure 4D), midbrain (Figure 4D), caudate
putamen (Figure 4E), and thalamus (Figure 4F) exhibited a broad and dense distribution of
intense chromogenic signals. In the hippocampus (Figure 4F), strong signals were detected
in the pyramidal cell layers of CA1, CA2, and CA3, as well as in the hilus and granular
cell molecular layers of the dentate gyrus. Puncta signals were also observed in the corpus
callosum (Figure 4B–F) and fornix (Figure 4E,F).

In the cerebellum (Figure 4G), prominent signals were localized to the Purkinje cell
layer and white matter. Furthermore, intense signals were widely distributed in the medulla
(Figure 4H), substantia nigra (Figure 4I), pons (Figure 4J), dorsal horn and ventral horn
of cervical (Figure 4K) and lumbar (Figure 4L) spinal cord. Intriguingly, intense puncta
signals were detected in the sciatic nerve (Figure 4M), underscoring the extensive reach of
AAV9-mediated transgene delivery.

In comparison, clear and intense GALC transcript puncta were observed in sciatic
nerve of WT mice (Figure 4N), while sciatic nerve from untreated Twitcher mice exhibited
weakly stained GALC puncta and loss of myeline (Figure 4O).

These findings demonstrate that CNS-targeted AAV9 gene therapy facilitated
widespread and robust delivery of therapeutic DNA, extending rostrally to the olfac-
tory bulbs and caudally to the sciatic nerve. The use of the RNAscope provided critical
insights into the spatial distribution and expression patterns of the transgene, underscoring
its utility in evaluating the efficacy of gene therapy.

Consistent with the in situ hybridization results, quantitative analysis of viral vector biodis-
tribution (Figure 5) revealed the highest AAV9 transduction in the cortex (3.15–8.17 GC/DG),
followed by the thalamus (0.37–3.50 GC/DG), brainstem (0.17–0.60 GC/DG), spinal cord
(0.07–0.70 GC/DG), cerebellum (0.03–0.47 GC/DG), and sciatic nerve (0.03–0.46 GC/DG).
These findings corroborate the broad yet regionally graded distribution of AAV9-mediated
GALC expression observed by in situ hybridization, reflecting efficient transduction in
both central and peripheral nervous system compartments.

 

Figure 5. Quantification of Vector Genome Biodistribution in the Nervous System of Aged AAV9-Twi
Mice. Vector genome copies were quantified by droplet digital PCR (ddPCR) in multiple regions of
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the nervous system from aged AAV9-treated Twitcher (AAV9-Twi) mice (p > 500; n = 3; measured in
duplicate). Quantitative data are normalized to the endogenous Rpp30 reference gene and expressed
as vector genome (VG) copies per diploid genome.

3.6. Reduction of Neuroinflammation

Neuroinflammation and demyelination constitute hallmark pathological features of
GLD. In twitcher mice, progressive activation of microglia, astrocytosis, and macrophage
infiltration occurs in a spatiotemporal pattern, initially affecting the cerebellar white matter
and brainstem after P20, subsequently involving the cerebral white matter after P25, and
extending to the cerebral gray matter by P30 [20,21]. To evaluate the efficacy of AAV9-
GALC gene therapy in mitigating neuroinflammation, immunohistochemical analyses were
performed targeting astrocytes and microglia using GFAP and Iba-1 markers, respectively.

At P42, Twi mice exhibited extensive reactive astrogliosis in the corpus callosum,
cerebellar white matter, brainstem, and spinal cord, characterized by hypertrophic somas
and thick stellate processes (Figure 6). In contrast, age-matched WT mice showed sparse,
resting astrocytes with small somas and thin processes in the corpus callosum and cerebellar
white matter (Figure 6). While aged WT mice displayed increased astrocytic density in these
regions, most astrocytes remained in a resting state (Figure 6). Notably, aged AAV9-Twi
mice demonstrated reduced astrocytic burden in the brain and spinal cord, predominantly
composed of resting astrocytes, compared to aged WT mice (Figure 6).

 

Figure 6. Reduction of astrocyte activation in the brain and spinal cord of aged AAV9-Twi mice.
Immunohistochemical staining for glial fibrillary acidic protein (GFAP) with DAPI counterstaining
reveals pronounced astrocyte activation in the cortex, thalamus, cerebellum, brain stem, and spinal
cord of P42 Twi mice compared to P42 and aged (>P500) WT controls. Aged WT mice exhibit a
moderate increase in astrocyte presence within the cerebellum and spinal cord relative to P42 WT
mice. Aged (>P500) AAV9- Twi mice display a similar moderate level of astrocyte presence in
these regions, comparable to aged WT controls, reflecting age-related gliosis and preserved glial
homeostasis in the central nervous system following AAV9-mediated gene therapy. Insets in the
spinal cord panels illustrate a higher magnification of hypertrophic reactive astrocytes in Twi, and
resting astrocytes in WT, aged WT, and aged AAV9-Twi mice. Scale bars, 200 μm.
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Microglial activation, a key contributor to multinucleated globoid cell formation and
demyelination in GLD, was also evaluated [22,23]. At P42, the majority of microglia in
the brains of WT mice remained in resting state, characterized by small somas and highly
ramified processes (Figure 7). In contrast, untreated Twi mice exhibited a significant
increase in reactive microglia, particularly in the brain stem and spinal cord (Figure 7).
These microglia displayed hypertrophic somas with thickened bushy processes, along with
amoeboid-like and multinucleated globoid cells, indicative of a highly activated phagocytic
state (Figure 7). In both aged WT and AAV9-Twi mice, microglia largely retained resting
morphologies, with only a moderate increase in hypertrophic microglia compared to
younger WT mice, consistent with an ageing-associated low-grade pro-inflammatory state
(Figure 7). The substantial reduction in neuroinflammation observed in AAV9-Twi mice at
advanced age indicates the durable efficacy of gene therapy.

 

Figure 7. Inhibition of Globoid Cell Activation in the Brain and Spinal Cord of Aged AAV9-Twi Mice.
Untreated Twi mice at P42 exhibit pronounced microglial activation and globoid cell formation in the
cortex, thalamus, cerebellum, brainstem, and spinal cord, as demonstrated by immunohistochemical
staining for ionized calcium-binding adapter molecule 1 (Iba1) with DAPI counterstaining, compared
to P42 and aged (>P500) WT controls. Aged (>P500) AAV9-Twi mice exhibit markedly reduced Iba1+
staining and an absence of globoid cell clusters, comparable to levels observed in P42 and aged WT
mice, indicating effective suppression of microglial activation and prevention of neuroinflammatory
pathology following AAV9-mediated gene therapy. Insets in the brainstem panels illustrate a higher
magnification of reactive microglia and globoid cells in Twi, and resting microglia in WT, aged WT,
and aged AAV9-Twi mice. Scale bars, 200 μm.

Previous investigations have shown that CD68+ macrophage/microglia infiltration
correlates with the progression of GLD disease and the severity of demyelination, occur-
ring concomitantly with astrogliosis [24,25]. In the present study, immunohistochemical
analyses revealed pronounced infiltration of CD68+ macrophages/microglia within the
brain and spinal cord parenchyma of untreated Twi mice (Figure 8). In contrast, CD68
immunoreactivity was absent in both wild-type and aged AAV9-Twi mice, signifying effec-
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tive suppression of neuroinflammatory responses through therapeutic GALC restoration
(Figure 8). These findings underscore the pivotal role of CD68+ cells in GLD pathogene-
sis and highlight the capacity of AAV9-mediated gene therapy to modulate pathogenic
immune activation.

 

Figure 8. Ablation of Macrophage/Microglia Infiltration in the Brain and Spinal Cord of
Aged Twi Mice Following AAV9 Treatment. Untreated Twi mice at P42 exhibit pronounced
macrophage/microglia infiltration in the cortex, thalamus, cerebellum, brainstem, and spinal cord, as
demonstrated by immunohistochemical staining for CD68 with DAPI counterstaining, compared to
P42 and aged (>P500) WT controls. In contrast, aged (>P500) AAV9-Twi mice show an absence of
macrophage/microglia infiltration in these regions, comparable to that observed in P42 and aged WT
mice, indicating effective suppression of neuroinflammation and innate immune activation following
AAV9-mediated gene therapy. Inset in the brainstem panel illustrates a higher magnification of
morphology of CD68-positive macrophagy/microglia in Twi. Scale bars, 200 μm.

3.7. Preservation of Proteostasis

The efficacy of AAV9-mediated GALC gene therapy in restoring autophagy and
UPS function in the CNS of twitcher mice was evaluated. Psychosine accumulation has
been shown to impair autophagy and UPS in oligodendrocytes, leading to progressive
aggregation of misfolded proteins in white matter regions [4,5,24]. In the current study,
the therapeutic efficacy of AAV9-GALC was assessed by immunohistochemical detection
of p62 (Figure 9) and ubiquitin-positive aggregates (Figure 10). At P42, untreated Twi
mice exhibited a wide distribution of p62- (Figure 9) and ubiquitin-positive (Figure 10)
aggregates throughout the brain, with the greatest burden localized to the spinal cord,
brainstem, cerebellum, and corpus callosum. In contrast, P42 wild-type mice, aged WT
controls, and aged AAV9-Twi mice exhibited no detectable aggregates in the brain or spinal
cord (Figures 9 and 10). These results indicate that AAV9-GALC gene therapy effectively
restores proteostasis and prevents aggregate accumulation, highlighting its therapeutic
potential in mitigating autophagy and UPS dysfunction in GLD.
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Figure 9. Preservation of Autophagy Function in Brain and Spinal Cord of Aged AAV9-Twi Mice.
Immunohistochemical staining for p62 with DAPI counterstaining reveals extensive accumulation of
p62-positive aggregates in the cortex, thalamus, cerebellum, brainstem, and spinal cord of untreated
Twi mice at P42, compared to P42 and aged (>P500) WT controls. In contrast, aged (>P500) AAV9-
treated Twi mice show an absence of p62 aggregates in these regions, comparable to that observed in
P42 and aged WT mice, indicating preserved autophagy function and proteostasis in the nervous
system following AAV9-mediated gene therapy. Inset in the brainstem panel illustrates a higher
magnification of p62-aggregates in Twi. Scale bars, 200 μm.

 

Figure 10. Preservation of the Ubiquitin-Proteasome System in the Brain and Spinal Cord of Aged
AAV9-Twi Mice Following AAV9 Treatment. Immunohistochemical staining for ubiquitin with DAPI
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counterstaining reveals extensive accumulation of ubiquitin-positive aggregates in the cortex, tha-
lamus, cerebellum, brainstem, and spinal cord of untreated Twi mice at P42, compared to P42 and
aged (>P500) WT controls. In contrast, aged (>P500) AAV9-Twi mice exhibit an absence of ubiquitin-
positive aggregates in these regions, comparable to that observed in P42 and aged WT mice, indicating
restoration of protein homeostasis and preservation of ubiquitin–proteasome system function in the
nervous system following AAV9-mediated gene therapy. Inset in the brainstem panel illustrates a
higher magnification of ubiquitin-positive aggregates in Twi. Scale bars, 200 μm.

3.8. Preservation of Myelination and Axon Integerity

Demyelination in twitcher mice typically begins between P15–P20, initially affecting
the cerebellar white matter and brainstem, and progressively extending to the cerebral
white matter, spinal cord, sciatic nerve, and eventually gray matter regions [20,26,27].
To assess the therapeutic efficacy of AAV9-mediated gene therapy in preserving CNS
myelination, immunofluorescent histochemical analysis was performed. In untreated Twi
mice at P42, extensive demyelination was evident across multiple CNS regions, including
the subcortical white matter, corpus callosum, cerebellar white matter, brainstem, and
spinal cord (Figure 11). In contrast, aged AAV9-Twi mice exhibited robust and widespread
preservation of myelination throughout the brain and spinal cord, closely resembling the
myelination patterns observed in age-matched WT controls (Figure 11).

 

Figure 11. Preservation of Myelination in the Brain and Spinal Cord of Aged AAV9-Twi Mice.
Myelination was evaluated by proteolipid protein (PLP) immunostaining with DAPI counterstaining
in brain and spinal cord sections from P42 WT mice, P42 Twi mice, aged WT mice (>P500), and
aged AAV9-Twi mice (>P500). AAV9 treatment results in sustained preservation of myelination
throughout the brain and spinal cord of aged AAV9-Twi mice, comparable to that observed in aged
WT controls. In contrast, untreated Twi mice at P42 exhibit severe demyelination in subcortical white
matter, corpus callosum, cerebellar white matter, brainstem, and spinal cord. Scale bars, 200 μm.

20



Cells 2025, 14, 1942

To evaluate the impact of AAV9-GALC on PNS myelination, sciatic nerve ultrastruc-
ture was examined by transmission electron microscopy. Untreated Twi mice showed
marked demyelination and axonal degeneration (Figure 12A), whereas aged AAV9-Twi
mice exhibited well-preserved axonal morphology and compact myelin, resembling the
WT phenotype (Figure 12B–D). Quantitative analysis of myelination based on g-ratio mea-
surements revealed that P42 Twi mice had significantly reduced axon fiber diameter, axonal
diameter, and myelin thickness, along with elevated g-ratio values, compared to WT, aged
WT, and aged AAV9-Twi mice (Figure 12E–H). While aged WT mice showed increased
g-ratios and axon dimensions relative to P42 WT mice, aged AAV9-Twi mice displayed
normalized axon and fiber diameters, increased myelin thickness, and a g-ratio restored to
levels observed in P42 WT mice.

Figure 12. Correction of axonopathy in the sciatic nerves of aged AAV9-Twi mice. AAV9-mediated
gene therapy preserves normal axonal morphology and myelination in the sciatic nerve (SN) of
aged AAV9-treated Twi mice. Transmission electron microscopy (TEM) images reveal profound
axonal degeneration and demyelination in the SN of (A) P42 Twi mice compared to (B) P42 WT
and (C) aged WT mice. (D) Aged AAV9-treated Twi mice exhibit well-preserved myelination and
intact axons comparable to those observed in aged WT controls. Quantitative analysis of myelinated
axon structural integrity includes (E) g-ratio, (F) axon diameter, (G) fiber diameter, and (H) myelin
thickness, measured from TEM images of SN samples from P42 Twi, P42 WT, aged WT (>P500),
and aged (>P500) AAV9-treated Twi mice. AAV9 treatment results in sustained preservation of
axonal integrity in the SN of aged Twi mice. Data represent mean ± SD derived from 150 axons per
group, with n = 3 animals per group. Statistical significance was determined by one-way ANOVA.
** p < 0.01; *** p < 0.001. Scale bars, 5 μm.

Collectively, these findings demonstrate that AAV9-mediated GALC gene therapy
effectively preserves CNS and PNS myelination and maintains axonal integrity in Twi mice.

4. Discussion

The multifaceted pathology of GLD, characterized by the involvement of both the
CNS and the PNS, the accumulation of cytotoxic psychosine, profound neuroinflammation,
impaired autophagy, and rapid progression of the disease, poses significant challenges
for effective therapeutic intervention. Although gene therapy has demonstrated efficacy
in alleviating symptoms and extending lifespan, prior monotherapy approaches utilizing
viral vectors alone have been insufficient to comprehensively address all pathological
aspects concurrently. The incorporation of HSCT, with or without SRT, has provided
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additional enzymatic and metabolic correction, further prolonging survival; nevertheless,
achieving complete disease rescue remains an ongoing challenge. Importantly, the present
study surpasses previous outcomes by demonstrating, for the first time, comprehensive
pathological correction via minimal CNS-targeted monotherapy, providing compelling
evidence of its potential as a standalone therapeutic strategy.

Early studies employing intracerebral administration of AAV1 (3 × 1010 vg) and
AAV5 (2.4 × 109 vg) in neonatal Twitcher mice modestly prolonged survival by 10 to
15 days, outperforming AAV2 and adenoviral vectors [17,28]. Previous work with AAV5
(2.4 × 109 vg) delivery targeting the cortex, hippocampus and cerebellum extended the
maximum survival to 66 days [29,30]. Subsequent refinements involving intrathecal (i.t.)
and six-separate intracranial (i.c.) injections of AAV5 (3.6 × 1010 vg) further improved
maximal survival to 78 days [31].

Advances in vector engineering introduced AAVrh10 and AAV9, characterized by
a wider tropism of the CNS. Neonatal administration combining intracerebroventricular
(i.c.v., 3 × 109 vg), intracerebellar (1.5 × 109 vg), and intravenous (i.v., 7.6 × 109 vg) routes
of AAVrh10 extended maximum survival to 240 days [32]. Further optimization with a
tenfold increase in intravenous (i.v., 4 × 1014 vg/kg) dosing of AAVrh10 enhanced maximal
survival 430 days [33]. Parallel studies employing AAV9 via 5-seperat i.c. (9 × 109 vg),
intrathecal (i.t., 8.25 × 1010 vg), and intravenous (i.v., 3.3 × 1011 vg) administration reported
a maximum of 484 days [34].

To address limitations of single-modality gene therapy, combination strategies inte-
grating AAV9-mediated CNS delivery (i.c. and i.t., 2.7 × 1010 vg) with HSCT and SRT
achieved median survival of 404 days and maximum survival of 569 days [35]. Meanwhile,
the combination of AAV9-mediated CNS administration (i.c. and i.t., 2.7 × 1010 vg) and
HSCT alone extended median and maximal survival to 269 and 673 days, respectively [35].
Similarly, AAVrh10 i.v. (4 × 1013 vg/kg) administration in combination with HSCT further
prolonged the median lifespan to 351 days, with a maximum survival of 750 days [33].

Previous studies (Table 1) employing multiple i.c. injections or combined CNS deliv-
ery routes (i.c., i.c.v., and i.t. administration) achieved only limited extension of lifespan
in twitcher mice, primarily due to incomplete correction of both CNS and PNS pathol-
ogy [17,28–31]. The addition of systemic i.v. AAV delivery (Table 1) improved outcomes
by restoring GALC activity within the PNS and further prolonging survival [32–34]. Yet,
the limited ability of i.v. AAV to cross blood-brain barrier constrained overall efficacy.
When systemic i.v. high dose AAV delivery combined with HSCT, which mitigates neuroin-
flammation, this dual-therapy regimen (Table 1) achieved the longest survival previously
reported [33]. Notably, our protocol with minimal and region-specific CNS delivery of high-
titer AAV9 surpasses all prior benchmarks, achieving a median survival of 530 days and
maximum survival of 814 days, approaching the WT lifespan. Critically, this streamlined
approach circumvents the risks associated with HSCT, such as graft-versus-host disease,
and avoids the complexities inherent to multi-route and multi-dose regimens, or high-dose
systemic administration. The sustained therapeutic efficacy observed in long-lived animals
further suggests that one-time treatment may confer a lifelong corrective effect. Those
results underscore the transformative potential of our protocol as a standalone treatment
for GLD, while remaining complementary to more complex multimodal strategies.
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Table 1. Comparison of AAV-based therapeutic strategies in Twitcher mice.

Year
AAV

Serotype
Postnatal

Day
Route(s) &

Sites
Vector Dose

Combination
Therapy

Median
Survival
(Days)

Max.
Survival
(Days)

Reference

2005 AAV1 P0-1 i.c. (2 sites)
i.c.v.

3 × 1010 vg
3 × 1010 vg

None
None

55
55

66
66 [28]

2005 AAV2
AAV5

P3
P3

i.c. (6 sites)
i.c. (6 sites)

4.4 × 108 vg
2.4 × 109 vg

None
None

47
52

57
62 [17]

2007 AAV5 P3 i.c. (6 sites) 2.4 × 109 vg +BMT 111 151 [16]

2011 AAV5 P3 i.c. (6 sites) + i.t. 1.6 × 1010 vg, i.c.
2 × 1010 vg, i.t.

+BMT 71
123

78
282 [31]

2011 AAV5 P3 i.c. (6 site) 2.4 × 109 vg None 63 66 [29]

2012 AAVrh10 P2
i.c. (1 sites) +

i.c.v. + i.v. (P2) +
i.v. (P7)

1.5 × 109 vg, i.c.
3.25 × 109 vg, i.c.v.

7.6 × 109 vg, i.v. (P2)
7.6 × 109 vg, i.v. (P7)

None 104 240 [32]

2015 AAV5 P3 i.c. (6 sites) 2.4 × 109 vg None 60 63 [30]

2016 AAV9
AAVrh10

P10-11
P10-11

i.t.
i.t.

2 × 1011 vg
2 × 1011 vg

+BMT
+BMT

79
57

135 (Est.)
105 (Est.) [36]

2018 AAV9 P0–P1 i.c. (5 sites) + i.t.
+ i.v.

9 × 109 vg, i.c.
8.25 × 1010 vg, i.t.
3.3 × 1011 vg, i.v.

None
+BMT

263
284

484
675 [34]

2021 AAVrh10 P8-9

i.v.
i.v.
i.v.
i.v.

4 × 1013 vg/kg
4 × 1013 vg/kg

1.6 × 1014 vg/kg
4 × 1014 vg/kg

None
+BMT
None
None

72
351
180
280

365 (Est.)
750

235 (Est.)
430

[33]

2021 AAV9 P0 i.c. (6 sites) + i.t. 1.2 × 1010 vg, i.c.
1.5 × 1010 vg, i.t.

None
BMT

BMT + SRT

66.5
269
404

83
675
569

[35]

2025 AAV9- P3 i.c. (4 sites) 1.2 × 1012 vg, i.c. None 530 814 Current
study

BMT, bone marrow transplantation; Est, estimated; i.c., intracranial; i.c.v., intracerebroventricular; i.t., intrathecal;
i.v., intravenous; SRT, substrate reduction therapy; vg, virus genome.

AAV9-mediated gene therapy has demonstrated substantial therapeutic efficacy in
addressing pathological gene deficiencies, particularly in disorders affecting both the CNS
and PNS. However, challenges persist in achieving spatially uniform transgene distribu-
tion, sustained expression, and adequate enzymatic activity in both the CNS and the PNS.
In this study, intraparenchymal delivery of high-titer AAV9 targeting the thalamus and
deep cerebellum resulted in widespread expression and activity of GALC throughout the
brain, cerebellum, spinal cord, and sciatic nerves of aged AAV9-Twi mice. Histochemical
staining confirmed robust transduction of neurons and glia across proximal CNS regions, as
well as distal PNS tissues, facilitated by efficient anterograde and retrograde axonal trans-
port mechanisms [37]. Notably, GALC activity reached supranormal levels in all neural
compartments, with maximum activity observed in the cortex and thalamus, followed by
elevated levels in the cerebellum, brainstem, spinal cord, and sciatic nerves. This extensive
biodistribution underscores the ability of AAV9 to leverage axonal transport pathways for
global transgene delivery without requiring multiple injection sites or invasive interven-
tions. The advantages of AAV9 include its ability for efficient neuron/glia transduction,
sustained enzymatic activity throughout the nervous system, and long-term therapeutic
efficacy. Collectively, both thalamus and deep cerebellar nuclei are highly interconnected
hubs with extensive projections to cortex, brainstem, and spinal cord [38,39], enabling
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robust anterograde and retrograde axonal transport of AAV9. Neonatal parenchyma also
supports enhanced viral diffusion due to reduced myelination and greater extracellular
permeability [40]. These mechanisms collectively explain how focal injections can yield
widespread GALC expression without multi-route delivery. By obviating the need for
systemic administration, multi-route, or multi-dose, current streamlined therapy offers a
targeted yet comprehensive approach to addressing CNS/PNS pathologies while minimiz-
ing complexity of therapeutic approach and improving safety.

Psychosine accumulation due to GALC deficiency is central to the pathogenesis of
GLD. The efficacy of AAV-mediated gene therapy in normalizing psychosine levels in
Twitcher mice has been a critical focus in evaluating its therapeutic potential. Previous
studies have reported incomplete normalization of psychosine within the nervous system
following AAV-based interventions, whether administered alone or in combination with
other therapies [31,34,35,41]. These limitations have been attributed to suboptimal AAV
transduction efficiency, heterogeneous distribution of GALC activity in regions susceptible
to residual psychosine accumulation, and insufficient GALC activity gradients to effectively
counteract localized psychosine synthesis [34,35,41]. In the present study, for the first
time in gene therapy of GLD, psychosine levels in both the CNS and the PNS of aged
AAV9-treated Twitcher mice were comparable to those observed in aged wild-type mice.
Importantly, these normalized levels remained stable throughout the lifespan of treated
animals, indicating sustained transgene expression and adequate therapeutic GALC activity
across all relevant CNS and PNS regions, thereby conferring durable therapeutic benefit.
Furthermore, robust AAV9-GALC transduction was detected in CNS gray matter and spinal
cord, consistent with AAV9 tropism, with additional transduction in white matter and
sciatic nerves. These observations suggest that both local GALC production by transduced
neurons and myelinating cells, as well as cross-correction from highly transduced neurons,
contributed to supraphysiological GALC activity. Aligning with observations in previous
long-term studies [33,34,41], the supraphysiological GALC levels were not associated
histopathological or behavioral deficits throughout the extended longevity of AAV9-Twi
mice. The sustained supranormal GALC activity ensures robust substrate clearance of
psychosine and galactosylceramide in demyelination-prone regions over the life span,
critical for preventing demyelination and neurodegeneration in Krabbe disease models.
Collectively, these mechanisms underpin the global normalization of psychosine levels
observed in AAV9-Twi mice.

In Twitcher mice, axonopathy precedes overt demyelination and neuronal loss, iden-
tifying axonal degeneration as an early and primary event in GLD pathogenesis [42].
Psychosine accumulation independently disrupts axonal transport and initiates dying-
back neuropathy, effects that cannot be mitigated by glial GALC expression alone [36,42].
Additionally, Psychosine also directly impairs axonal transport and cytoskeletal organiza-
tion, resulting in synaptic dysfunction and neurodegeneration [43,44]. These neurotoxic
effects may persist despite remyelination if neuronal GALC activity is insufficient. More-
over, neuronal GALC deficiency leads to brainstem maldevelopment, axonal atrophy,
neuroinflammation, and demyelination, underscoring its essential role in maintaining
neuronal integrity [45]. In the present study, sustained psychosine clearance across CNS
and PNS tissues of aged AAV9-treated Twi mice implicates effective correction in both
neuronal and oligodendrocytic compartments. The preservation of compact myelin, normal
axonal morphology in sciatic nerves, and restored motor behavior collectively confirm
dual-compartment rescue. These results support that long-term therapeutic success in
GLD requires robust GALC expression in both neurons and myelinating glia to prevent
psychosine-mediated neurotoxicity and secondary demyelination.
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Notably, the spatially heterogeneous distribution of transgenes in the CNS of Twitcher
mice induces focal episomal vector depletion, allowing localized psychosine resurgence,
demyelination, and neuroinflammatory cascades [41]. Psychosine exacerbates neurodegen-
eration by concurrently disrupting autophagy-lysosomal flux and UPS activity, driving
cytoplasmic accumulation of cytotoxic aggregates of p62/ubiquitin and oligodendrocyte
apoptosis [4]. In present study, aged AAV9-Twi mice lack detectable p62/ubiquitin aggre-
gates in the brainstem and spinal cord and demonstrate resolution of neuroinflammation
comparable to aged WT controls. This preservation of proteostasis and myelin integrity,
evident in ultrastructurally normal sciatic nerves and sustained levels of myelin proteolipid
protein, is correlated with the global GALC activity of the CNS/PNS and normalization of
psychosine. Our data establishes that the current AAV9 delivery approach, by ensuring ex-
tensive enzyme distribution, preemptively abrogates psychosine’s dual neuroinflammatory
and proteotoxic effects, thereby interrupting the self-perpetuating cycle of oligodendrocyte
loss and neuronal dysfunction. These findings underscore the critical necessity for spatially
uniform, lifelong GALC expression to achieve durable therapeutic rescue in GLD.

This streamlined intracranial AAV9 gene therapy protocol achieves unprecedented
efficacy in GLD without adjunctive therapy, HSCT, multi-dose and/or multi-route CNS ad-
ministration, or high systemic dosing. Our protocol ensures efficient neuronal transduction
and broad biodistribution in both CNS and PNS, leading to sustained global correction of
metabolism, prevention of neuroinflammation, preservation of proteostasis and myelin
integrity, restoration of motor function, and maximal survival to dat. Remarkably, treated
mice achieve lifespans approaching those of WT controls, suggesting durable and poten-
tially lifelong therapeutic benefit. Although late-stage behavioral assessments were based
on a small cohort, the findings are reinforced by consistent motor performance, stable body
weight, preserved histopathology, and video documentation of aged animals (Video S1),
supporting the maintenance of meaningful neurological function. These outcomes rede-
fine the therapeutic benchmark for GLD, demonstrating that a streamlined, intracranial
region-specific AAV9 monotherapy can achieve comprehensive neurobiological correction
with minimal invasiveness. Translationally, this protocol provides a clinically scalable
framework for human intracerebral AAV delivery, enabling durable CNS correction while
minimizing systemic exposure and procedural risk.

In present study, regional differences in vector genome copies likely reflect a combi-
nation of injection geometry, neuroanatomical connectivity, and tissue volume dilution.
Proximal regions such as thalamus and cortex showed higher vector genome copies, consis-
tent with direct parenchymal delivery and dense local transduction, whereas lower levels in
spinal cord and sciatic nerve are in line with secondary distribution via long-range axonal
transport and cross-correction rather than primary deposition. In human brains, amplified
white matter compartmentalization and 1000-fold larger volumes will exacerbate gradients,
necessitating dose escalation, trajectory planning, and possibly combination therapies for
ensuring robust enzyme activity in distal and peripherally located target tissues.

From a safety perspective, AAV9-treated Twi mice maintained stable body weight, nor-
mal behavior, and intact locomotor activity without late-onset neurological decline through-
out their >800-day lifespan, supporting a favorable long-term safety profile. Nonetheless,
several considerations remain important for clinical translation. Off-target transduction
and peripheral organ involvement were not fully assessed and will require comprehensive
biodistribution and toxicology studies. Vector- and transgene-specific immune responses,
such as pre-existing anti-AAV9 antibodies and potential T-cell activation, may limit re-
dosing in humans and necessitate careful immune monitoring. Although supraphysi-
ological GALC expression was well tolerated in mice, overexpression toxicity remains
a theoretical risk, underscoring the need for dose optimization in clinical applications.
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Overall, this streamlined protocol minimizes major known risks while achieving durable
CNS and PNS correction, but also highlights key parameters to be addressed in future
translational development.

5. Conclusions

While prior multi-route strategies and combination therapies have demonstrated
meaningful benefits in GLD, particularly in enhancing PNS correction and mitigating
neuroinflammation, they also involve substantial procedural complexity and systemic
vector exposure. Our findings position the current single-dose, region-specific AAV9
approach as a complementary alternative that achieves comparable or superior long-term
efficacy with reduced treatment burden. Recognizing the strengths of previous approaches
underscores the significance of achieving such robust CNS–PNS correction through a
streamlined and minimally invasive protocol.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells14241942/s1, Video S1: AAV9-Twi Motor Activity. Repre-
sentative videos showing an untreated Twi mouse at P40, WT mice at P57 and P768, and AAV9-Twi
mice at P63 and P789. AAV9-Twi mice exhibited body size and locomotor activity comparable to
age-matched WT controls, whereas the untreated Twi mouse was markedly smaller and displayed
severe motor impairment.
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Abstract: Hematopoietic stem cell (HSC) transduction has undergone remarkable advancements in
recent years, revolutionizing the landscape of gene therapy specifically for inherited hematologic
disorders. The evolution of viral vector-based transduction technologies, including retroviral and
lentiviral vectors, has significantly enhanced the efficiency and specificity of gene delivery to HSCs.
Additionally, the emergence of small molecules acting as transduction enhancers has addressed
critical barriers in HSC transduction, unlocking new possibilities for therapeutic intervention. Fur-
thermore, the advent of gene editing technologies, notably CRISPR-Cas9, has empowered precise
genome modification in HSCs, paving the way for targeted gene correction. These striking progresses
have led to the clinical approval of medicinal products based on engineered HSCs with impressive
therapeutic benefits for patients. This review provides a comprehensive overview of the collective
progress in HSC transduction via viral vectors for gene therapy with a specific focus on transduction
enhancers, highlighting the latest key developments, challenges, and future directions towards
personalized and curative treatments.

Keywords: gene therapy; hematopoietic stem cells (HSC); transduction; viral vectors; transduction
enhancers; rare diseases

1. Introduction

In the area of medical science, the pursuit of innovative therapies has propelled re-
searchers toward groundbreaking solutions to efficacious treatments that improve the
patients’ quality of life. One such frontier is the transformative field of hematopoietic
stem cell (HSC) gene therapy. HSCs are defined by the remarkable ability of long-term
self-renewal and differentiation into multiple blood cell lineages, which elucidates their
profound clinical significance. Over the years, HSC transplantation (HSCT) has become a
well-established and widely utilized procedure for the treatment of congenital metabolic
diseases and blood-related disorders. The first successful applications of allogeneic HSCT
were achieved in the treatment of X-linked severe combined immunodeficiency (X-SCID) [1]
and Wiskott–Aldrich syndrome (WAS) [2], where patients received stem cells from a com-
patible donor. Discovering its curative potential, notable advancements have been made in
allogeneic HSCT that include the identification of donors with compatible human leuko-
cyte antigen (HLA), the expansion of donor registries, and the possibility of alternative
donor sources, such as haplo-identical donors who are half-matched to the recipient. The
refinements in conditioning regimens have also contributed to improved patient outcome,
as well as a more effective control of graft-versus-host disease (GvHD) that involves the
selective depletion of α/β T cells and naïve T cells [3]. Nevertheless, the successful applica-
tions of allogeneic HSCT can be constrained by the availability of suitable donors and a
potential risk of morbidity and mortality due to the use of HLA-mismatched individuals.
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Autologous HSCT represents a significant leap toward overcoming the risk of graft rejec-
tion and additional complications arising from alloreactivity [4]. Therefore, autologous
HSCT, in combination with HSC gene therapy, has been explored as an alternative thera-
peutic strategy to treat not only hematological malignancies but also inherited diseases,
including severe immunodeficiencies, hemoglobinopathies, and metabolic disorders. In
this approach, the patient’s own stem cells are harvested, cultured ex vivo, and genetically
modified before being reinfused into the patient following an appropriate conditioning
regimen to deplete progenitor and differentiated cells in the bone marrow and to favor
engraftment. In this context, ex vivo HSC genetic engineering can be performed either
through transduction with viral vectors delivering the therapeutic gene of interest or by tar-
geted genome editing approaches that allow site-specific genome modifications depending
on the disease. This review will analyze the current state of hematopoietic stem cell gene
therapy, addressing the latest advancements, challenges, and therapeutic potentials of this
application. After an overview of the gene transfer processes, we focus on the approaches
that generated the first marketing authorizations, i.e., the vector-based modifications of
HSCs and their optimization regarding efficacy and safety aspects, concluding with an
overall discussion about the prospective developments in HSC gene therapy.

2. Gene Delivery in Hematopoietic Stem Cells

2.1. Overview

The most extensively investigated gene transfer techniques in hematopoietic stem cells
to date are based on the ex vivo approach. This type of gene therapy involves the collection
of HSCs from the patient that undergo genetic manipulation through viral transduction
or gene editing to restore the correct phenotype. Following a preconditioning regimen,
the engineered cells are infused back into the patient’s body, where they self-renew and
differentiate generating a long-term reservoir of modified HSCs giving rise to multiple
blood lineages. This strategy allows the performance of the manipulation process in a con-
trolled environment that enables the monitoring of cell characterization and functionality
before transplantation, and it potentially represents a one-time curative treatment due to
the engraftment capacity of gene-corrected HSCs. Therefore, it is a promising therapy to
tackle hematological disorders and immune aberrations, as confirmed by the marketing
authorization for advanced therapy medicinal products (ATMPs) based on engineered
HSCs, namely Libmeldy™ for pediatric metachromatic leukodystrophy (MLD), Strimvelis®

for the treatment of severe combined immunodeficiency due to adenosine deaminase
deficiency (ADA-SCID), Zynteglo™ for β-thalassemia, Lyfgenia™ for the treatment of
sickle cell disease (SCD), and Skysona® for early cerebral adrenoleukodystrophy (CALD)
(Table 1).

Table 1. Hematopoietic stem cell gene therapy products approved on the market.

Product Name:
Generic (Trade)

Applications Manufacturer Mechanism of Action
Approval Agency

(Year)

STRIMVELIS® ADA-SCID Orchard Therapeutics ADA gene addition
via gamma retrovirus EMA (2016)

Betibeglogene
autotemcel

(ZYNTEGLO™)

Transfusion-dependent
B-thalassemia (TDT) bluebird bio, Inc. βA-T87Q-globin gene

addition via lentivirus
EMA (2019) *
FDA (2022)

Atidarsagene
autotemcel

(LIBMELDY®)

Metachromatic
leukodystrophy (MLD) Orchard Therapeutics ARSA gene addition

via lentivirus
EMA (2020)
FDA (2024)

Lovotibeglogene
autotemcel

(LYFGENIA™)

Sickle cell disease
(SCD) bluebird bio, Inc. βA-T87Q-globin gene

addition via lentivirus FDA (2023)
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Table 1. Cont.

Product Name:
Generic (Trade)

Applications Manufacturer Mechanism of Action
Approval Agency

(Year)

Exagamglogene
autotemcel

(CASGEVY™)
TDT, SCD Vertex Pharmaceuticals

CRISPR Therapeutics
CRISPR/Cas9

technology
EMA (2023)
FDA (2024)

Elivaldogene
autotemcel

(SKYSONA®)
CALD bluebird bio, Inc. ABCD1 gene addition

via lentivirus
EMA (2021) *
FDA (2022)

* Withdrawn at the request of the marketing-authorization holder.

2.2. Gammaretroviruses

Ex vivo gene manipulation employing viral vectors as delivery tools has been a major
player in the field of HSC gene therapy. Following HSC collection and enrichment of CD34+

cells, they undergo genetic modification through viral vector transduction before being
reinfused to the host, where their engraftment will result in a sustained transgene function.
This method exploits the innate ability of viruses to efficiently internalize their own genome
into the target cells; however, the viral vectors are engineered from wildtype viruses by re-
moval of most of the genes encoding for viral proteins from the viral genome to make them
replication incompetent. A variety of viral vector classes have been used in several clinical
trials conducted so far, including members of the Retroviridiae family (gammaretroviruses
and lentiviruses), adenoviruses, and adeno-associated viruses, and each of these platforms
has highlighted advantages and complications in preclinical and clinical testing phases.
Gammaretroviruses (γRV) were initially the first vectors assessed for gene therapy and
their popularity did not decrease overtime, mainly due to their low immunogenicity, ability
to integrate the viral genome into the host cells, and the high efficiency of transduction
in actively dividing target cells. Therefore, considering the quiescent state of HSCs, they
are pre-stimulated to induce the cell cycle for an effective γRV transduction. However,
gammaretroviral vectors preferentially integrate near transcriptional start sites and within
CpG islands, and they have affinities toward proto-oncogenes, potentially leading to in-
sertional oncogenesis and serious adverse events such as malignant transformation, as
this was demonstrated in the original X-SCID study [5]. Thus, the constrained efficacy
of γRV gene transfer into HSCs and the risk of genotoxicity prompted the advancement
of self-inactivating lentiviral vectors (LVs) as a preferred delivery system due to their
improved safety profile.

2.3. Lentiviruses

Lentiviruses employed in the clinic are usually based on human immunodeficiency
virus (HIV) 1 devoid of its structural genes and commonly pseudotyped with a different
envelope, and they have the ability to infect non-replicating cells due to the transfer of viral
vector DNA in the nucleus via nuclear pores, allowing a faster transduction process and
also harnessing their larger packaging capacity of up to 9 kb. Although the integration sites
of LVs are generally unpredictable with hotspots in active transcription units, Biffi et al. [6]
suggested that they cluster in the megabase-wide genomic regions without accumulation in
specific genomic regions, in contrast to genotoxic integration sites that are not distributed
along chromosomes but come across as isolated sharp peaks and always target a single
gene, which is the culprit of oncogenesis. This study [6] provided a more comprehensive
understanding of the preferential or common integration sites among retroviral vectors
and showed that LVs present markedly consistent integration pattern. Alternative vector
systems, such as adenoviruses and adeno-associated viruses, have encountered restricted
success when applied to HSCs thus far due to the strong innate and adaptive immune
responses induced by viral infection [7] and due to the challenging transient transgene
expression even with high multiplicity of infection [8], respectively. Overall, genetic
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engineering of HSCs via viral vector transduction has been shown to be a crucial tool in
the clinical setting for HSC gene therapy, achieving curative treatments in several clinical
trials [9–11] and successful marketing approvals [12–14].

2.4. Genome Editing

Nonetheless, alongside HSC transduction, the identification and adaptation of pro-
grammable molecules such as nucleases, base editors, and prime editors have enabled
targeted genetic modifications, allowing a major step forward in the field of genome editing.
In this context, site-specific endonucleases are used to introduce a double-stranded break
at a desired location at the DNA level that will recruit DNA repair proteins to correct the
damage, establishing specific genetic changes which, depending on the type of indication,
could result in gene disruption, gene correction or gene insertion. Although a detailed
analysis of these methods falls beyond the scope of this review, it is worth mentioning
the recent marketing approval of Casgevy™, the first CRISPR-Cas9 gene editing therapy,
which aims to cure SCD and transfusion-dependent β-thalassemia (TDT) [14]. However,
it should be noted that there is a growing body of literature evaluating the unexpected
adverse events of the use of CRISPR technology for HSC modifications, including on-target
genotoxicity such as deletions, translocations, micronuclei formation [15], and decreased
long-term in vivo engraftment in terms of clonal dynamics [16]. A more detailed descrip-
tion of the CRISPR complications is presented in the paragraph “Safety Considerations”
(see below).

3. Advancements in Transduction Technologies

3.1. Viral Vector Engineering

Even though HSC gene therapy utilizing viral vectors has evolved as a therapeutic
alternative for various inherited diseases and gained success over the decades, achieving
stable and clinically relevant gene transduction in hematopoietic stem cells still presents a
significant challenge. Successful viral transduction of HSCs is hampered by several barriers,
including low expression levels of viral receptors on the HSC surface, inefficient viral entry,
as well as the presence of cellular restriction factors that inhibit viral replication. Due to
their quiescent nature, differently from other target cell types such as T cells or natural killer
cells, an efficient uptake of vectors by HSCs requires high multiplicity of infection (MOI)
resulting in increased viral vector doses as the cell number grows, which can increase
the risk of adverse events, and it is particularly relevant for large-scale production of
engineered HSCs that will be translated into clinical applications.

A promising solution that is gaining steam is to enrich an HSC subpopulation by
sorting the CD34+CD38− cells which represent the small proportion of HSCs that actually
contribute to long-term hematopoiesis, allowing a reduction in the amount of viral vector
required for transduction without impacting the vector copy number (VCN) and the
unification of the final characteristics of the infused HSCs that come from different sources
such as bone marrow or mobilized peripheral blood. However, although there was initial
enthusiasm, this approach was not widely applied in the clinic due to the difficulties
in enriching pure CD34+CD38− populations, which made the overall process laborious,
lengthy, and eventually inefficient.

In a different approach, the quest for more effective gene transfer techniques employed
evaluation of several vector designs with a particular focus on the investigation of different
envelope proteins for vector pseudotyping to check which one can increase their binding
and uptake by target HSCs. Initial attempts to pseudotype the vectors with retroviral
envelopes deriving from amphotropic murine retrovirus or the Gibbon Ape Leukemia
Virus (GALV) led to low viral titers which triggered their replacement with more efficient
envelopes, most notably the glycoprotein derived from the vesicular stomatitis virus
(VSV-G) that confers broad tropism and enhances the vector stability, enabling effective
HSC transduction. Moreover, VSV-G pseudotyping not only allows the concentration
of vectors at high titers, but its robust fusion activity also facilitates entry into HSCs,
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exploiting the abundantly expressed low-density lipoprotein receptor (LDL-R) [17,18],
bypassing the need for specific uncommon cellular receptors, which may be a limiting
factor for successful transduction. Furthermore, a novel envelope protein derived from
baboon endogenous retrovirus (BaEV) holds significant promise for HSC gene therapy
applications. The BaEV envelope offers several benefits, including its unique natural
tropism for human CD34+ hematopoietic stem cells and a favorable safety profile [19]. This
inherent specificity reduces the risk of off-target effects and enhances the efficiency of gene
delivery, making it particularly well suited for HSC transduction. In addition, although the
titer measurements were lower than the VSV-G pseudotyped viral vectors, BaEV is more
effective at an equivalent amount [19] and displays minimal immunogenicity, reducing the
likelihood of immune responses that could compromise the success of the therapy.

On the basis of the promising envelope improvement, researchers are poised to de-
velop safer and more targeted approaches to manipulate vectors for HSC transduction. A
cutting-edge strategy to improve the vector design consists of the integration of recombi-
nant membrane proteins leading to the expression of cytokines (e.g., stem cell factor and
thrombopoietin) on the surface of the vector virions that will specifically recognize and
bind to the respective receptors present on the HSC surface (c-kit, c-mpl). This system
was designed to promote high levels of transduction of the most immature CD34+ cells,
crucial for clinical application, with a selective and minimal HSC stimulation that is already
supplied by the cytokines expressed on the virions, avoiding the addition of hematopoietic
growth factors in the medium [20]. In agreement, a greater preference of lentiviruses
in clinical trials has been currently observed, compared to their retroviral or adenoviral
counterparts due to the ability of LVs to integrate into non-dividing cells that do not require
prolonged cytokine stimulation to activate the HSC cell cycle before transduction, thereby
circumventing intense cell proliferation in culture that could progressively compromise
engraftment potential [21]. The current focus mainly lies in achieving an efficient lentivi-
ral vector transduction of long-term repopulating quiescent HSCs, which are resistant to
genetic manipulation but an ideal gene therapy target, with minimal in vitro culturing to
avoid extensive cell stimulation and cell cycle commitment [22].

3.2. Transduction Enhancers

Along with the progress in engineered vector design and ex vivo culture conditions,
several reagents have been tested aiming to achieve a clinically translatable transduction
efficiency without interfering with HSC self-renewal and differentiation. A promising
strategy is the addition of transduction enhancers which encompass a diverse array of small
molecules that modulate cellular pathways involved in viral entry, intracellular trafficking,
endosomal escape, or nuclear import (Figure 1). An overview of several transduction
enhancers is shown in Table 2.

Prostaglandin E2 (PGE2) has been investigated as an adjuvant that promotes lentivi-
ral transduction of CD34+ cells and modestly increases the VCN both in vitro and in an
NOD/SCID xenotransplantation mouse model without evidence of in vivo toxicity [23]
while reducing the duration of ex vivo culture. The mechanism leading to higher transduc-
tion levels is still under investigation, but PGE2 may act by improving the reverse transcrip-
tion and hence replication of the vector inside the cell prior to nuclear entry and integration,
since an increase in late RT copies was detected within 6 h after transduction [24,25]. Addi-
tional studies reported the beneficial effect of PGE2 on HSC transduction and VCN [26,27];
however, Poletti et al. [28] showed that it causes a significant reduction in stem cell clono-
genic capacity once transplanted in humanized immunodeficient mice in a competitive
repopulation assay despite its safety in increasing cord blood engraftment being demon-
strated in the clinic [29] and its favorable effects being corroborated in a clinical trial for
the treatment of Hurler disease [30]. It should be noted, however, that there was a lot
of skepticism in the gene therapy field about the use of PGE2 because of the preexisting
evidence of potential reduction in stemness [28]. The leukemic events in the bluebird
clinical trial for SCD [31] also corroborated the initial doubts on the grounds of genera-
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tion of leukemic phenotypes as a result of graft failure since the percentage of leukemic
events in the gene therapy setting was equivalent to the leukemias presented in the al-
logeneic setting for SCD when graft failure is observed [32]. In particular, the working
hypothesis was that after rejection or gene therapy, the stress from switching from home-
ostatic to regenerative hematopoiesis by autologous cells drives clonal expansion and
leukemogenic transformation of preexisting premalignant clones, eventually resulting in
hematological dysplasias. Nevertheless, in December 2023, the U.S. Food and Drug Admin-
istration (FDA) granted marketing authorization for Lyfgenia™, the lentiviral approach
to treat SCD by bluebird bio, but with a warning for blood cancer [33]. It should be also
noted that, in view of the exact same manufacturing process utilized both in the case of
Lyfgenia™ and Zynteglo™, more gravity is given to the specific pathophysiology of SCD
and not to the vector–cell interactions. Finally, the efficiency of lentiviral vector transduc-
tion on HSCs exhibited a significant increase also when PGE2 was tested in combination
with polybrene [26], a surfactant polycation widely and successfully utilized as a transduc-
tion enhancer from the early days due to its interaction with the negatively charged cellular
membrane which leads to charge shielding between the vector and the cell surface [34], but
this approach did not reach clinical applicability.

A B

C

A

C

B

Figure 1. Overview of the mechanisms of action of transduction enhancers. (A) Lower charge
repulsion between the vector particle and the target cell surface facilitates cell-to-vector interaction.
(B) Increased permeability of the target cell surface membrane facilitates viral entry. (C) Influence on
intracellular processes (e.g., reverse transcription of viral RNA) prior to vector integration into the
host genome facilitates vector trafficking and integration.

Traditionally, protamine sulfate represents another cationic additive which produces
an optimal transduction-enhancing effect by neutralization of the cell membrane charge,
and its approval for human use by the FDA, together with its low toxicity on a range of
cell types [35], highlights its versatility and potential for clinical translation. A similar
mechanism of action is observed when poloxamer is supplemented in culture, where it
influences the physiochemical properties of the cell membrane, also promoting transmem-
brane transport. Different sizes of poloxamers have been investigated, among which P118,
P338 [36], and P407 which result in a similar increment in both the percentage of transduced
cells and the number of vector copies per cell without significant toxicity [25]. Lately, the
most commonly used transduction enhancer is termed LentiBOOST™ and consists of a
combination of poloxamer 338 and Pluronic F108 and is considered an entry enhancer
because it seems to increase the permeability of the target cell surface facilitating the entry
of viral particles [37]. LentiBOOST™ outperformed the aforementioned enhancers, lead-
ing to a strong effect in terms of vector expression at low MOI with an acceptable VCN
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increase [38] and maintaining HSC differentiation potential, and was also demonstrated in
xenotransplantion experiments [27] with no signs of toxicity in vivo [39]. Another peptide
that enables high levels of gene transfer with various retroviral and lentiviral pseudotypes
into CD34+ HSCs is Vectofusin-1® [40]. Through the formation of alpha-helical nanofibrils,
it fosters the adhesion of viral vectors to targeted receptors on the cell surface and facilitates
endocytosis, ultimately leading to increased transduction efficiency of HSCs in vitro that
is preserved also in their progeny (T and B cells) after engraftment in an NSG mouse
model [41]. Specifically, Vectofusin-1® does not alter the cell viability and functionality and
the safety of the transduction process, and since it is soluble in water, it allows avoidance
of the pre-coating step required for similar compounds such as Retronectin, making it an
ideal candidate for clinical settings and scalable gene therapy protocols [42]. Furthermore,
a deeper understanding of the mechanisms regulating HSC proliferation, self-renewal,
and quiescence has led to the detection of rapamycin, a macrolide compound with im-
munosuppressive properties, as a potential transduction enhancer for HSC engineering.
While the precise underlying mechanisms still need to be elucidated, rapamycin promotes
efficient viral transduction of both human and murine HSCs via the inhibition of the mTOR
signaling pathway, significantly boosting the frequency of long-term engrafting cells in
mice [43] and ex vivo long-term hematopoietic reconstitution [44]. Moreover, rapamycin’s
well-established safety profile and clinical use in other therapeutic contexts, including
prevention of allograft rejection and cancer treatment, underscores its potential application
in clinically relevant viral transduction protocols.

Table 2. List of reagents employed to enhance transduction efficiency.

Reagent Mechanism of Action Side Effects
Side Effects

in Gene Therapy
Clinical Applications

in Gene Therapy
References

Prostaglandin E2
Improvement of reverse

transcription
(under investigation)

Nausea, vomiting,
diarrhea,

abdominal pain

Reduction of HSC
clonogenic potential

Hurler syndrome,
β-thalassemia [21,26,28]

Protamine sulfate
Lower charge repulsion

between the vector and the cell
surface

Low blood pressure,
allergic reactions,

vomiting

Cell toxicity
(concentrations

higher than
10 μg/mL)

N/A [33]

Poloxamers
Membrane fluidization and

reduction in electrostatic
barriers

Dehydration,
abdominal discomfort N/A N/A [34]

LentiBOOST™ Increased permeability of
the target cell surface N/A N/A X-SCID,

Artemis-SCID [35]

Vectofusin-1®
Enhanced adhesion and fusion

of viral particles to the
cell membrane

N/A N/A N/A [38]

Rapamycin
Inhibition of mTOR signaling

pathway
(immunosuppression)

Anemia, increased blood
pressure, muscle pain N/A N/A [41,43]

Cyclosporin A
Cyclosporin H

Inhibition of cyclophilin A
(immunosuppression)
Inhibition of IFITM3

Blurred vision, back
pain, dizziness,

decreased appetite
N/A N/A [43,45,46]

N/A: not applicable.

Along with rapamycin, cyclosporin A (CsA) is an additional immunosuppressive
compound that acts by inhibiting the activity of the cellular protein cyclophilin A, which is
known to interact with the viral capsid protein of retroviruses and lentiviruses during trans-
duction. By blocking this interaction, CsA enhances the efficiency of viral vector entry into
target cells, including HSCs, thereby improving transduction efficiency without adversely
affecting their colony-forming capacity. Importantly, increased transduction efficiencies
were maintained long term in vivo and no negative effects on HSC engraftment were ob-
served [45]. Additionally, CsA has been shown to mitigate the inhibitory effects of cellular
antiretroviral restriction factors, such as TRIM5α, on viral transduction, further enhancing
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gene delivery to HSCs. These results were corroborated by Evans and colleagues [46], who
reported that TRIM5α transcript levels in human CD34+ cells correlate with donor variabil-
ity in transduction efficiency with lentiviral vectors. From the same class of compounds
of CsA, cyclosporin H (CsH) has gained attention as a transduction enhancer operating
with a mechanism of action similar to CsA. In detail, CsH reduced the innate resistance
mechanism against LV infection performed through the interferon-induced transmembrane
protein 3 (IFITM3) constitutive inhibition of viral entry by degrading IFITM3, leading to
significant improvement in gene transfer levels both in murine and human HSCs [47,48].

Overall, the use of transduction enhancers will have profound implications for clinical
practice. By enhancing the efficiency of gene delivery, these strategies allow minimiza-
tion of the multiplicity of infection of the viral vector, improving safety and therapeutic
efficacy of HSC gene therapy applications. Furthermore, the development of targeted
and customizable transduction enhancers may enable tailored approaches for specific
patient populations and disease contexts, minimizing off-target effects and optimizing
treatment outcomes.

4. Safety Considerations

Ensuring the safety of HSC transduction is paramount to sustained clinical efficacy and
the long-term success of therapeutic interventions and it represents a crucial step not only
for manufacturing of engineered HSCs but also from a pure clinical perspective. Indeed, the
HSC gene therapy field was initially severely hampered because of safety concerns deriving
from insertional mutagenesis (creating the risk of leukemia) and/or immunogenicity.

4.1. Genotoxicity and Leukemias

In the notorious French X-SCID clinical trial, four out of seven patients treated initially
with gamma RV developed lymphocytic leukemia [49,50], which was associated with
vector integration in the vicinity of the LMO2 gene, leading to its upregulation, which was
suggested to be the determining event for the onset of the blood cancer. The development of
malignancies resulted in a temporary interruption of this trial, which eventually resumed,
but only for patients who had failed standard transplant therapy. In the early 2000s, other
gene therapy trials were also delayed due to the potential risk of leukemia but eventually
continued as the risk-versus-benefit ratio was deemed to be in favor of the patients [51].

Unfortunately, leukemias were not observed only during the French X-SCID trial.
Cancer transformation was observed in other clinical trials employing γRV vectors for
X-linked Chronic Granulomatous Disease (X-CGD) [52] and WAS [53] as a result of vector
integration close to and activation of proto-oncogenes. At that time, the field’s response
focused on the following actions: a) further advancement of viral vector engineering within
the context of self-inactivating (SIN) LVs as a vehicle for gene delivery and b) a deeper
understanding of the vectors’ integration sites, alongside rigorous preclinical safety test-
ing to predict potential adverse effects and mitigate the long-term risk of genotoxicity.
Additionally, in vitro assays such as the In Vitro Immortalization assay (IVIM) and the
Surrogate Assay for Genotoxicity Assessment (SAGA) have been developed in an effort
to predict or quantify the pre-clinical genotoxicity of integrating vectors. Notably, IVIM
quantifies the mutagenic potential of retroviruses based on the acquisition of a proliferation
advantage under limiting dilution conditions of murine hematopoietic stem and progenitor
cells transduced with mutagenic vectors [54]. Although this approach is relatively specific
for the detection of mutants with insertions near the Mecom locus (also known as Evi1) or
its close relative Prdm16, both of which were shown to be clinically relevant as inducers
of clonal imbalance in clinical trials for X-CGD [55,56], X-SCID [49], WAS [57], it has been
accepted by regulatory authorities as part of the pre-clinical safety assessment. A more
accurate prediction is performed with the SAGA approach that classifies integrating retro-
viral vectors using machine learning algorithms to detect the activation of gene expression
pathways connected to oncogenesis during the course of in vitro cell immortalization [58].
However, due to the specific culture conditions, both assays present an intrinsic myeloid
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bias, and thus Bastone and colleagues [54] have introduced the SAGA-XL assay that follows
a similar bioinformatic strategy enabling the identification of lymphoid genotoxicity pre-
dictors. Notably, it should be mentioned that the onset of leukemias in HSC gene therapy
is not always the result of vector-induced insertional mutagenesis, since in the case of
the Lyfgenia™ trials, the leukemic blasts were devoid of vector genetic material, clearly
suggesting that the dysplasias were independent of the vector in this specific setting and
were rather associated with the overall stemness/fitness of the graft and/or the specific
pathophysiology of SCD.

Genotoxicity poses concerns also in the CRISPR field, as a growing line of evidence
shows the occurrence of unexpected on-target genotoxic events, including deletions and
chromosomal translocations, which may compromise the genomic integrity and func-
tionality of edited HSCs. Studies, such as Kosicki et al. [59], have highlighted that DNA
breaks introduced by CRISPR-Cas9 editing can resolve into onsite large deletions as well as
crossover events and lesions distal to the cut site, which may constitute a first carcinogenic
‘hit’ in stem cells and progenitors that have a long replicative lifespan [59]. Further works
reported that p53-mediated DNA damage response activated by double-strand breaks
induced by CRISPR could lead to selection for cells with mutations in the p53 pathway [60],
potentially contributing to oncogenesis. Recently, Lee et al. [16] have shown that the
homology-directed repair (HDR) pathway induced by CRISPR-Cas9 led to decreased short-
and long-term multilineage HSC engraftment and graft clonality in a competitive rhesus
macaque autologous transplantation model. In the same study, the authors demonstrated
that CRISPR/HDR-edited cells showed lower viability, cell proliferation, and markedly
decreased long-term engraftment compared to lentiviral transduced cells, suggesting in-
creased toxicity of editing [16]. It should be noted, however, that the latest results by
Zeng and colleagues [15] indicated a better outcome for the CRISPR-engineered HSCs in
terms of genotoxicity and micronucleation in the context of short-term ex vivo culture
in the absence of cytokines (hence avoiding the induction of cell cycle through ex vivo
cytokine stimulation).

4.2. Immunogenicity

Other possible obstacles that could trigger undesirable events can arise from innate
and adaptive immunity against reagents used during manufacturing and immune reac-
tions against neoantigens introduced into HSCs by genetic engineering [61] due to gene
disruptions and/or translocations. To address these concerns, which are triggered by the
transduction/gene editing per se and are expressed long term after the administration of
the genetically corrected graft, will require further in-depth investigations, always taking
into consideration the vector system, the engineering approach, and the transplantation
settings applied in each different scenario.

5. Conclusions and Future Perspectives

Over the last twenty years, the HSC gene therapy field has witnessed notable clinical
achievements that resulted in remarkable marketing approval of ATMPs by the EMA
and/or FDA. A scientific breakthrough came in 2016 when Strimvelis® received marketing
authorization for the treatment of ADA-SCID, employing a gamma retroviral vector carry-
ing the sequence of the therapeutic gene. The approval of Zynteglo™ offers patients with
TDT the possibility to be treated with a lentiviral vector encoding a β-globin transgene,
which is mutated or absent in these patients. Lastly, there was also the marketing autho-
rization of Skysona® for early CALD. In terms of the availability and prices of these drugs,
it is necessary to underline that ex vivo HSC gene therapy is an extremely personalized
treatment that presents significant technical challenges. A prime example is Strimvelis®,
which, owing to its fresh formulation, can be administered only at the approved man-
ufacturing facility in Europe in Milan, where the patient and their family have to stay
for around 4 months. In this specific case, the overall costs are covered by the national
insurance of the patient’s country, but this does not apply for Zynteglo™ and Skysona®,
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which, despite obtaining marketing authorization, have been withdrawn from Europe due
to their extremely high price tag per patient [62]. Besides gene therapy products, another
milestone treatment for TDT and for severe SCD patients is Casgevy™, the first gene edit-
ing technology based on CRISPR-Cas9 system on the market, although discussion around
the reimbursement from public health budgets or insurance companies is still ongoing.
Thus, although there are significant number of marketing authorizations in spite of the
aforementioned limitations, several HSC gene therapy trials involving viral vectors and
genome editing are still ongoing (Table 3). These ongoing trials are diversified compared
to the initial ones, either by differential patient stratification (e.g., in the KL003 trial, TDT
patients are stratified based on the levels of serum ferritin) or by addition of transduction
enhancers (NCT03538899, NCT01306019), indicating that while significant progress has
been made in improving HSC transduction efficiency and long-term safety, challenges
remain, limiting the clinical applicability of gene therapy. To this end, one might argue
that the development of transduction enhancers holds promise for overcoming barriers to
HSC transduction towards improving therapeutic outcomes because of the long-standing
clinical experience with lentiviral vectors in the field.

Table 3. Currently ongoing hematopoietic stem cell gene therapy clinical trials.

Clinical Trial
Registry Number

Disease Intervention Sponsor Phase

NCT04797260 RAG1-SCID Autologous CD34+ cells transduced with the
pCCL.MND.coRAG1.wpre LV

Leiden University
Medical Center I/II

NCT05071222 Artemis-SCID Autologous CD34+ cells transduced with the
G2ARTE LV expressing the DCLRE1C cDNA

Assistance
Publique—Hôpitaux de

Paris/Genethon
I/II

NCT02559830 MLD, ALD
Autologous CD34+ cells transduced with a LV

encoding the human ARSA(for MLD)/
ABCD1(for ALD) cDNA

Shenzhen Second
People’s Hospital I/II

NCT05860595 TDT Autologous CD34+ cells transduced with the
βA-T87Q-globin gene LV (KL003)

Institute of Hematology and
Blood Diseases Hospital,
China/Kanglin Biotech

N/A

NCT05762510 TDT Autologous CD34+ cells transduced with
the GMCN-508B (LentiRed) LV

First Affiliated Hospital of
Guangxi Medical University Early I

NCT05432310 ADA-SCID Autologous CD34+ cells transduced with the
EFS-ADA LV encoding the ADA enzyme

University of California, Los
Angeles I/II

NCT06149403 Hurler syndrome Autologous CD34+ cells transduced with LV
encoding the human IDUA gene Orchard Therapeutics III

NCT05265767 Hemophilia A Autologous CD34+ cells transduced with LV
encoding a novel coagulation factor VIII transgene

Christian Medical College,
Vellore, India I

NCT03818763 Hemophilia A
Autologous CD34+ cells transduced with LV

encoding the ITGA2B gene promoter for ectopic
expression of human B-domain-deleted factor VIII

Medical College of
Wisconsin I

NCT06155500 SCD
Observational: long-term follow-up of patients
treated with CRISPR/Cas9-edited HSPCs from

NCT04443907
Novartis Pharmaceuticals I

NCT01306019 X-SCID Autologous CD34+ HSC with VSV-G pseudotyped
LV CL20- 4i-EF1alpha-hgammac-OPT

National Institute of Allergy
and Infectious Diseases

(NIAID)
I/II

NCT03538899 Artemis-SCID Autologous CD34+ cells transduced with LV
(AProArt) encoding the corrected DCLRE1C gene

University of California, San
Francisco I/II

NCT05757245 TDT Autologous CD34+ cells transduced
with GMCN-508A LV

First Affiliated Hospital of
Guangxi Medical University I

2014-000274-20 WAS
Observational: long-term follow-up of patients
treated with w1.6_hWASP_WPRE (VSVg) LV

transduced autologous HSCs
Genethon II

2019-004266-18 TDT
Observational: long-term follow-up of patients
treated with βA-T87Q LV (LentiGlobin BB305)

transduced autologous HSCs
bluebird bio, Inc. III
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Table 3. Cont.

Clinical Trial
Registry Number

Disease Intervention Sponsor Phase

2020-000517-33
Leukocyte
adhesion

deficiency I

Autologous CD34+ cells transduced with LV
encoding the ITGB2 gene Rocket Pharmaceuticals, Inc. I/II

2017-001366-14 TDT Observational: long-term follow-up of patients
treated with GSK2696277

GlaxoSmithKline Research
and Development II

2017-002430-23 Hurler syndrome Autologous CD34+ cells transduced with IDUA LV
encoding the human α-L-iduronidase gene Ospedale San Raffaele I/II

2018-001404-11 Glioblastoma
multiforme

Autologous CD34+ cells transduced with
LV encoding the interferon-α2 gene Genenta Science S.r.l I/IIa

2013-002245-11 Hemoglobinopathies Observational: long-term follow-up of patients
treated with LentiGlobin BB305 Drug Product bluebird bio, Inc. III

Data taken from www.clinicaltrials.gov and www.clinicaltrialsregister.eu (both accessed on 31 May 2024) for
recruiting and ongoing (respectively) clinical trials based on the search term ‘haematopoietic stem cell’ AND
‘gene therapy’. N/A: not applicable.

Finally, advancements in gene editing technologies with designer nucleases offer
exciting opportunities for precise genome modification in HSCs, paving the way for per-
sonalized and curative treatments. In this context, over the last decade, nanoparticles
(NPs) have also emerged as an attractive tool to deliver therapeutic agents with sharp
specificity and versatility. In particular, NPs could be equipped with targeting motifs
specific to HSCs and can potentially overcome the need for ex vivo manipulation of patient
HSCs [63]. Among the investigated NPs, lipid nanoparticles (LNPs) have been reported to
substantially decrease electroporation-induced toxicity and to generate higher yields of
edited cells [64].

By leveraging emerging technologies and prioritizing early development of options
that will feasibly become drugs which are economically competitive compared to the
standard of care treatment, further products will reach the market to bridge the gap
between bench research and patient’s bedside.

To conclude, toward safer gene therapies for blood disorders, the focus should be on
the potency of the graft both in terms of engraftment and clonogenic capacity and in terms
of functionality, i.e., its ability to produce a functional amount of the therapeutic protein.

As for any other cell product manufactured by genetic modification, the HSC-engineered
grafts have to comply with the overall EMA/FDA regulation for ATMPs, which pose a
long-term follow-up for at least 15 years to monitor the persistence of their clonal dynamics
to detect potential adverse events (e.g., leukemogenesis or blood dysplasias) as a result
of clonal hematopoiesis due to the engineering approach (vector transduction or genome
editing). Therefore, risk mitigation performed both by applying safety strategies during
manufacturing (SIN vectors, optimized ex vivo protocols, use of transduction enhancers,
etc.) and by implementing careful monitoring and long-term pharmacovigilance measures
has the potential to promote gene therapy approaches to medical routine.

Finally, further attempts should aim toward alleviating the “financial” toxicities which
currently severely limit the wider applicability of these therapies.
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Abbreviations

ADA-SCID, severe combined immunodeficiency due to adenosine deaminase deficiency; ALD,
adrenoleukodystrophy; CALD, cerebral adrenoleukodystrophy; ATMPs, advanced therapy medicinal
products; BaEV, baboon endogenous retrovirus; Cas9, CRISPR-associated protein 9; CRISPR, clus-
tered regularly interspaced short palindromic repeats; CsA, cyclosporin A; CsH, cyclosporin H; EMA,
European Medicines Agency; FDA, U.S. Food and Drug Administration; γRV, gammaretrovirus;
GvHD, graft-versus-host disease; HDR, homology-directed repair; HIV, human immunodeficiency
virus; HLA, human leukocyte antigen; HSCs, hematopoietic stem cells; HSCT, hematopoietic stem cell
transplantation; IVIM, in vitro immortalization; LV, lentivirus; MLD, metachromatic leukodystrophy;
MOI, multiplicity of infection; NOD/SCID, nonobese diabetic/severe combined immunodeficiency;
NSG, NOD SCID gamma; PGE2, prostaglandin E2; SAGA, surrogate assay for genotoxicity assess-
ment; SCD, sickle cell disease; TDT, transfusion-dependent β-thalassemia; VCN, vector copy number;
VSV-G, vesicular stomatitis virus G; WAS, Wiskott–Aldrich syndrome; X-CGD, X-linked chronic
granulomatous disease; X-SCID, X-linked severe combined immunodeficiency.
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Abstract

The liver is a primary metabolic hub and a pivotal target for gene therapy, owing to its
capacity for protein secretion, role in metabolic homeostasis and immune tolerance. Liver-
directed gene therapies are used to treat numerous inherited metabolic disorders and
coagulation factor deficiencies including hemophilia (A and B), Crigler–Najjar syndrome,
mucopolysaccharidoses, phenylketonuria, Fabry, Gaucher, Wilson and Pompe diseases.
The efficacy and safety of liver-directed gene therapy rely on the use of strong tissue-specific
promoters. To date, there are many different liver-specific promoters used in preclinical
and clinical studies, including novel completely synthetic promoters. This review provides
a comprehensive analysis of the design, engineering and application of liver-specific
promoters. Furthermore, we discuss fundamental principles of gene expression regulation
in the liver and the physiological and immunological characteristics that make it a suitable
target organ for gene therapy delivery.

Keywords: liver-specific promoters; synthetic promoters; promoters design; gene regulation;
gene therapy; viral vectors; immune privilege

1. Introduction

The liver is a primary metabolic center in the body, regulating vital processes including
metabolism (amino acids, carbohydrates, lipids, hormones, vitamins, etc.), detoxification
(including xenobiotics) and the synthesis of bile, and other vital compounds. It is also
responsible for the synthesis of a large number of proteins, many of which are secreted into
the blood, where they mediate processes such as blood coagulation, lipid transport, and
others. Thus, proteins synthesized in the liver can serve either purely intrahepatic func-
tions (e.g., alpha1-antitrypsin, fumaroylacetoacetate hydrolase) or extrahepatic functions
(e.g., factors VIII and IX) [1].

Hereditary metabolic disorders constitute a heterogeneous group of genetic diseases
that primarily manifest in childhood, with a prevalence of approximately 1 in 784 new-
borns [2]. Many hereditary diseases, including hemophilia, hereditary angioedema, and
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alpha-1 antitrypsin deficiency (AATD), are associated with the secretion of defective pro-
teins in hepatocytes, making the liver a pivotal target for treatment [3]. Metabolic diseases
that require liver-targeted therapy are usually split into two main groups. The first group
includes disorders associated with protein secretion in hepatocytes that indirectly affect
the whole body, such as glycogen storage disease Ia, acute intermittent porphyria, Crigler–
Najjar syndrome, ornithine transcarbamylase deficiency, Wilson’s disease, and others. The
second group includes diseases with dysfunction of protein synthesis affected by multiple
organs at once. Restoring expression of these proteins in the liver is expected to significantly
attenuate disease severity. Such diseases include Fabry disease, type II glycogen storage
disease, mucopolysaccharidosis types I, II, IIIA and VI [3,4].

Numerous treatment approaches have been developed for liver diseases, including
cell-based, pharmaceutical, and gene therapies [3,5,6]. This review discusses in detail the
design and engineering of liver-specific promoters for the development of liver-directed
gene therapies for hereditary diseases, emphasizing the liver’s characteristics as a target
organ, the mechanisms of gene expression regulation, and the origin and application of the
main promoter systems used in liver-directed gene therapy.

2. Liver as a Target for Gene Therapy

Hepatocytes are the parenchymal cells of the liver representing over 80% of the liver’s
volume [7]. Non-parenchymal cells represent approximately 6% of the liver’s volume and
comprise hepatic macrophages (2.1%, Kupffer cells), sinusoidal endothelial cells (2.8%),
hepatic stellate cells (1.5%, Ito cells), natural killers (NK) cells, cells residing in the Disse
space and others [8]. Most gene therapies targeting the liver are specifically directed at
hepatocytes, as they are responsible for the synthesis of the majority of proteins secreted
by the liver. Even when a protein is expressed by other cell types, targeting hepatocytes
is preferable due to their quantitative advantage. For example, coagulation factor VIII
(FVIII) is normally expressed by liver sinusoidal endothelial cells, which are less abundant
and challenging to target with vectors; therefore, gene therapy for hemophilia A primarily
targets hepatocytes [9]. Thus, we refer to targeting hepatocytes in the further discussion of
liver-directed gene therapies. In the following sections, we will examine the characteristics
of the liver and hepatocytes as targets for gene therapies.

2.1. Vector Size Limitations

As a highly vascularized organ, the liver receives a large volume of blood from through-
out the body, enabling viral particles introduced into the bloodstream to rapidly reach
hepatic cells [10]. This fact allows the use of various vector administration methods includ-
ing systemic delivery (via the tail vein), portal vein injection, and direct intraparenchymal
administration, etc. [11–13]. However, the liver’s capillaries are lined with sinusoidal en-
dothelial cells that contain small pores called fenestrae, which act as a filter permitting only
particles smaller than the fenestrae to access parenchymal cells [14]. Consequently, there
are limitations on the size of delivery vectors, especially large ones such as adenoviruses
(approximately 93 nm with 30 nm fibers), when delivered to the liver via the bloodstream,
depending on the model organism and liver region. The fenestrae size of human and
mouse sinusoidal cells is about 100 nm (50–300 nm), and that of rabbits is 60 nm [15,16].

2.2. Low Hepatocyte Proliferation Rate—An Advantage and an Obstacle for Vectors

Early studies established that resection of two-thirds of hepatocytes leads to a maximal
regeneration rate, which then gradually declines as regeneration proceeds [17]. Despite
the well-known regenerative capacity of the liver, differentiated hepatocytes in a healthy
liver are long-lived cells with low basal DNA synthesis, where approximately only 1 in
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20,000 cells are undergoing mitosis at any given time [18]. Consequently, liver cells are
typically in a quiescent state in vivo, which hinders nuclear entry and integration of
certain retroviruses, such as Moloney’s murine leukemia virus (MoMuLV), that cannot
pass through nuclear pores [19]. In some cases, liver regeneration can be induced by
partial hepatectomy, but this is rarely used in gene therapy. In contrast, adeno-associated
viral (AAV) vectors efficiently transduce both dividing and non-dividing cells. Therefore,
the low rate of hepatocyte proliferation makes the liver a suitable target for long-term
AAV-mediated gene therapy, supporting persistent and stable transgene expression [4].
An exception is found in rapidly proliferating hepatocytes during liver development. In
the developing mouse liver, transgene expression declines rapidly, with stable residual
expression after 2 weeks in only 4–8% of hepatocytes [20]. Thus, the low proliferation rate
of hepatocytes simultaneously poses a barrier for viral vectors unable to integrate into the
nucleus of non-dividing cells, yet this represents a key advantage for vectors capable of
efficiently transducing quiescent cells.

2.3. Immune System Barriers to Liver-Directed Gene Therapy

As previously mentioned, the liver contains a large number of resident immune cells,
and 90% of all resident macrophages in the body are widely represented in the liver Kupffer
cells [21]. The presence of Kupffer cells in the liver poses an additional obstacle to gene
therapy due to the substantial uptake of delivery vectors by these macrophages. Several
studies report methods to overcome this barrier by the use of liposomes to deplete Kupffer
cells [22]. Another significant problem with liver-targeted gene therapy, as with other
organs, is the development of an immune response to both the expressed transgene and
the delivery vector. Pre-existing immunity to delivery vectors, particularly to viral capsids,
is frequently encountered Transgene expression can be significantly reduced as a result
of capsid neutralization by antibodies and activation of CD8+ cytotoxic T-cells that attack
transduced cells [23,24]. To overcome the neutralization of viral vectors, modifications
of the capsid protein amino acid sequence and chemical modification are currently being
developed [25,26]. Some recent studies have employed a novel approach to reduce the
neutralization of viral particles by antibodies, which involves encapsulating AAV in a lipid
nanoparticle that imitates natural enveloped viruses, helping to evade the immune re-
sponse [27,28]. To mitigate the immune response mediated by activation of CD8+ cytotoxic
T cells against viral capsids, it is essential to maximize transgene expression while mini-
mizing the vector dose. Various approaches are currently used to improve the efficiency
of vector-mediated transgene expression, including codon optimization of the transgene,
creation of strong promoters, use of self-complementary adeno-associated viral vectors
(scAAV), and transgene variants with greater activity [29–31]. As a general principle, the
immune response to transgenes occurs more frequently in genotypes with protein read-
ing frame alteration due to deletions, nonsense mutations, gene inversions, etc., whereas
genotypes with missense mutations usually do not trigger an immune response and are
characterized by more stable expression [32,33]. The use of a more efficient promoter leads
to increased expression of the functional product, allowing for a reduction in the vector
dose. This strategy lowers the viral capsid load delivered to hepatocytes while maintaining
high transgene expression levels [34]. The balance between CD8+ T cell-mediated clearance
of AAV-transduced hepatocytes and immune tolerance is dose-dependent. Specifically, a
higher viral antigen load can lead to more significant immune clearance. This is associated
with a downregulation of T-cell negative checkpoint markers, e.g., the programmed death
1 receptor, and upregulated expression of relevant cytokines [35]. More detailed mecha-
nisms of transgene expression suppression related to the immune response against the
viral capsid are discussed in a dedicated review [36].
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2.4. Liver Immune Privilege in Gene Therapy

Immune privilege refers to the status of an organ in which the presence of antigens
does not trigger an inflammatory immune response. Typically, immune-privileged organs
include the brain and central nervous system, eyes, and the pregnant uterus. In addition
to limited regenerative capacity, features of immune privilege include restricted antigen
drainage to lymph nodes, low expression of MHC I, the elimination of inflammatory cells
that enter the organ (e.g., through the FasL pathway), and immune deviation (such as
ACAID and BRAID) [37]. Recently, other organs and tissues, including the testes, liver, hair
follicles, and even the intestinal mucosa, as well as tumors, are also considered immune-
privileged [38]. The liver has a special form of immune privilege called hepatic tolerance,
where liver transplantation leads to donor-specific T-cell tolerance [39]. This phenomenon
was demonstrated in an early study on allogeneic liver transplantation in pigs without
prior immunosuppression [40].

The liver serves a barrier function and produces numerous neoantigens; therefore, the
risk of immune response activation in the liver is very high. To moderate this, the liver
employs several key mechanisms of immune tolerance:

1. Non-parenchymal liver cells (including stellate cells and plasmacytoid dendritic cells)
produce a large number of immunosuppressive anti-inflammatory cytokines, such as
IL-10, TGF-beta [41];

2. Liver natural killer cells express a negative T-lymphocyte costimulatory–the pro-
grammed cell death ligand (PD-L1) [42];

3. Hepatocytes themselves also contribute to immune tolerance by producing PD-L1 [43].

Another aspect of the special liver immune privilege is induced immune tolerance
to antigens introduced either directly into hepatocytes or systemically through the portal
vein [39]. It is suggested that regulatory CD4+CD25+ Tregs and the tolerogenic properties
of the liver, including the extensive expression of anti-inflammatory cytokines such as
IL-10 and TGF-beta, play a central role in this mechanism. These cytokines suppress both
antibody and T-cell immune responses to the endogenously expressed transgene [44,45].
Vector delivery to the liver results in lower titers of neutralizing antibodies compared to
the previously common muscle-directed delivery. This is supported by studies in animal
models of hemophilia. Blood coagulation factor IX (FIX) gene transfer to mice and dogs via
intramuscular injection of AAV vectors led to rapid inhibitor formation and was effective
only in combination with immunosuppression [46]. In another study, AAV-FIX delivery
via the mesenteric and portal veins provided a lower level of neutralizing IgG production
or its absence in some cases [47].

It was also demonstrated that AAV-mediated liver-directed gene therapy was success-
fully delivered to mice pre-immunized with FIX protein and thus possessing antibodies
against it. This approach resulted in long-term disease correction and a dramatic reduction
in antibody titers, even with the repeated protein presentation [9,48]. This strategy was
also applied to other metabolic disorders and lysosomal storage diseases [49,50]. Currently,
the immune tolerance induction to a transgene delivered to the liver is just beginning to be
studied in clinical trials.

Successful induction of immune tolerance in animal models has enabled the first
human trials to be conducted [48,51]. BMN-270 Phase I/II clinical trial by BioMarin
Pharmaceutical was started in 2020 and subsequently showed promising preliminary
results in the treatment hemophilia A patients with pre-existing immunity to coagulation
factor VIII (FVIII) [52]. Two patients with a history of FVIII inhibitors and two patients
with active inhibitors received AAV-mediated liver-directed gene therapy for endogenous
FVIII expression. In patients with a history of FVIII inhibitors, no antibody reappearance
occurred, and the treatment proved effective. In one patient with active FVIII inhibitors
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a decrease in inhibitor titers was observed, along with an increase in FVIII concentration
and activity in the blood by week 28 [53]. The therapy is currently known as Valoctocogene
roxaparvovec (Roctavian). Thus, targeting transgene expression to the liver not only
provides therapy but also induces specific immune tolerance to the transgene, which is
particularly important for patients with pre-existing immunity. To sum up, liver-directed
delivery is a promising approach to reduce the immune response to the transgene due to
the special immune privilege of the liver as an organ.

3. Liver Gene Expression Regulation

3.1. Genomic Regulatory Elements

Gene expression is controlled by regulatory elements, including promoters, enhancers,
insulators, and silencers, which can interact with transcription factors (TFs) and co-
regulators [54,55]. In gene therapy, a promoter usually refers to a promoter construct–a
combination of regulatory elements sufficient to drive transgene expression. Promoter
activity is typically quantified as the level of gene expression in terms of mRNA and protein,
with the assumption that higher mRNA/protein levels correspond to greater promoter
activity. Increasing promoter activity is key to the effectiveness of liver gene therapies,
so it is important to consider the mechanisms that regulate them. Increased transcription
levels can be achieved by targeting regulatory elements that recruit transcription factors
or cofactors and promote pre-initiator complex stabilization, accelerating transcription
initiation [56].

In molecular biology, promoters are DNA regions located near transcription start sites
(TSS), where transcription initiation occurs (Figure 1). In a natural eukaryotic promoter, two
main regions are distinguished: the core promoter (minimal promoter) and the proximal
promoter [54,57].

Figure 1. Functional model of a eukaryotic promoter. The core promoter recruits a set of general
transcription factors (TFII complex) and RNA polymerase II. The proximal promoter region, com-
posed of distinct regulatory elements, binds additional transcription factors that either enhance or
suppress transcription. The distal region, represented by an enhancer or silencer, can be located
several thousand nucleotides away from the core promoter. Arrows indicate the influence of the
proximal and distal regions on the core promoter.

The core promoter is a set of sequences sufficient for assembling the pre-initiation
complex, which includes RNA polymerase II and associated general transcription factors
(GTFs) [57]. In vitro localization of the core promoter is sufficient to determine the TSS. The
structure of a minimal promoter and the set of sequences it contains are diverse. Common
and well-known regulatory sequences present in a core promoter include the Inr (initiator
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sequence), TATA box, BRE (TFIIB recognition element), DPE, and others [58]. The binding
of GTFs (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) enables the core promoter to initiate
transcription, although it typically exhibits low basal activity [59]. Located upstream of
the core promoter, the proximal promoter spans several hundred nucleotides and contains
regulatory elements that bind transcription factors (TFs). These TFs can either repress or
enhance transcription, thereby modulating core promoter activity [55].

The combination of regulatory elements and the availability of cell-type-specific TFs
determine promoter specificity. Promoters are thus broadly categorized as tissue-specific
or ubiquitous. Tissue-specific promoters, such as hAAT (human alpha-1 antitrypsin)
(liver) or MCK (muscle), facilitate targeted expression in specific tissues or cells, and their
function directly depends on the presence of TFs in the respective tissue. Ubiquitous
promoters, such as cytomegalovirus (CMV) immediate early promoter, chicken β actin
promoter, and promoter of ubiquitin C, drive widespread expression across all tissue [60].
Additionally, promoters are traditionally classified as either constitutive or inducible.
Constitutive promoters maintain a constant level of gene transcription, independent of
specific external signals. This type of regulation is typical for genes encoding proteins
involved in fundamental cellular processes. The expression of genes under an inducible
promoter depends on some external chemical or physical stimuli [61].

An enhancer is a distal regulatory region that modulates transcription levels from a
promoter, irrespective of distance relative orientation, as their interaction is facilitated by the
three-dimensional architecture of chromatin [62,63]. Enhancer sequences can be identified
by chromatin modifications, including histone modifications [64] as well as by bidirectional
transcription of enhancer RNA from these regions [54,65,66]. Enhancers increase gene
expression through two complementary mechanisms involving chromatin architecture
and specific motif organization: At the chromatin level, enhancers overcome the energetic
barrier of nucleosomes through cooperative binding of multiple transcription factors with
proper spacing, orientation, and positioning (the “enhancer grammar”), which recruit
coactivator complexes (p300/CBP, SAGA, Mediator); these coactivators perform acetylation
and methylation of histones (H3K27ac, H3K4me1) and recruit chromatin-remodeling
factors that physically displace nucleosomes, opening DNA access for RNA polymerase II.
The number of transcription factor motifs positively correlates with nucleosome eviction
intensity and gene expression output, following either rigid “enhanceosome” architecture
(with fixed spacing and orientation) or flexible “billboard” models (with variable motif
arrangement), with most enhancers occupying a spectrum between these extremes. At
the three-dimensional level, enhancers establish spatial contacts (loops) with target gene
promoters within topological associated domains (TADs), directing recruited coactivators
and transcription factors to transcription initiation sites and enhancing RNA polymerase II
recruitment and transcriptional burst frequency. Furthermore, multiple enhancer copies
(“shadow enhancers”) can function additively, synergistically, or competitively, providing
regulatory robustness and ensuring precise, reproducible gene expression levels across
developmental and evolutionary contexts [67].

Furthermore, more than 1000 liver genes are expressed under the control of super-
enhancers, including TFs (HNF4A, C/EBPa, and HNF1B), cytochromes (CYP2E1 and
CYP8B1), albumin (ALB), blood coagulation factors, and others [68]. A super-enhancer is
a cluster of enhancers characterized by a high density of TFBS, active chromatin marks
(H3K4me1, H3K27ac, and P300), and association with the transcription activators Medi-
ator Complex Subunit 1 (MED1) and Bromodomain-containing Protein 4 (BRD4). These
elements are located at a considerable distance from each other but within a range not
exceeding 12.5 kb [69,70]. The Mediator complex performs multiple functions during
transcription, with its primary role being the transmission of regulatory signals from
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enhancer regions to the transcriptional machinery through activators [71]. In addition,
the complex regulates chromosomal spatial architecture by supporting three-dimensional
contacts between the core promoter and distant regulatory regions [72]. MED1 and BRD4
participate in the formation of biomolecular condensates and promote the assembly of
dynamic transcriptional complexes through liquid–liquid phase separation (LLPS) [73].
LLPS is a physicochemical process in which molecules organize into dense and dilute
phases. The phase transition occurs abruptly, providing a key functional property of
super-enhancers—the ability to rapidly and stably activate gene expression in response
to minor fluctuations in transcription factor concentration [70,74]. It should be noted
that groups of enhancers regulating the expression of the same gene are characterized by
functional redundancy [75,76], meaning they perform similar or overlapping functions.
This mechanism ensures the robustness of transcriptional regulation, preventing major
changes in expression upon the loss or disruption of activity of one of the elements. More-
over, super-enhancers have been shown to play an important role in the regulation of
microRNA transcription as well as in their maturation, including the processing of primary
microRNAs [77].

Transcription factors play a key role in the development and maintenance of cellular
identity, normal cell function, under stress conditions, and during the development of
pathological processes. A group of pioneer TFs is distinguished by their ability to bind
to compacted (“closed”) chromatin, promote the remodeling of adjacent regions, and
increase their accessibility to other TFs. The structure of TFs varies, but in most cases, they
include several functional domains. Among them are a domain responsible for the specific
recognition of DNA sequences and an effector domain that modulates the expression of the
target gene. Typically, transcription factor-binding sites (TFBS) are enriched in promoter
and enhancer regions [78]. The direction of gene expression regulation (activation or
repression) is determined by the availability of co-activators or co-repressors with which a
TF can interact. For example, the interaction between SIRT6 and FOXA2 inhibits the activity
of the Zeb2 promoter in hepatocellular carcinoma cells [79]. In contrast, a study using
a mouse model showed that the PGC-1β–FOXA2 complex enhances the transcription of
genes encoding mitochondrial β-oxidation enzymes (CptI, Mcad, and Vlcad) [80]. Pioneer
TFs are often less selective and can form paired interactions with a large number of TFs
available in the cell.

Some TF pairs do not interact directly, but are capable of cooperatively binding to
neighboring DNA sites and ensuring joint gene regulation. In most cases, such interaction
is typical for pioneer TFs. For example, analysis of the ALB enhancer has shown that the
cooperative binding of FOXA1 and GATA4 increases chromatin accessibility by reposi-
tioning nucleosome N1 at the NS-A1 and eF sites [81]. According to the affinity theory
proposed by Zhao et al., TFs exhibit varying degrees of pioneer activity, determined by their
ability to bind DNA [82]. In their study, the authors demonstrated that FOXA1 and HNF4A
can regulate the expression of liver-specific genes both independently and cooperatively.
Notably, the density of TFBS is higher in closed chromatin regions, which likely reflects the
need to overcome greater energetic barriers to initiate transcription.

The spatial organization of regulatory elements and their accessibility for binding TFs
play a critical role in the regulation of gene expression. In this regard, the identification of
natural regulatory sequences and the design of synthetic ones represent important areas of
research in molecular and synthetic biology. To develop gene therapies targeting the liver,
key components of the liver’s transcriptional regulatory network are being studied. The
main transcription factors regulating gene expression in the liver, as well as their molecular
interactions, will be discussed below.
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3.2. Liver-Enriched Transcription Factors

Hepatocyte nuclear factor 4 alpha (HNF4A) is a member of the nuclear receptor
superfamily, covering cis-regulatory regions of at least 42% of actively transcribed genes in
hepatocytes and binding to DNA as a homodimer [83]. This TF is involved in the regulation
of many liver functions, participating in the metabolism of xenobiotics, bile acid synthesis,
lipid homeostasis, gluconeogenesis, cell proliferation, apoptosis, etc. HNF4A is involved
in establishing and maintaining active chromatin marked by H3K4me1 and H3K4me3
signatures [84]. The HNF4A gene is encoded on chromosome 20 and regulated by two
promoters, P1 and P2. Alternative splicing from P1 generates six isoforms (HNF4A1-
6), which are characteristic of normal adult liver and kidney tissues, while six isoforms
from the P2 promoter (HNF4A7-12) are expressed normally in fetal liver, pancreas, and
in adult liver in response to starvation, as well as in various pathological conditions. The
role of HNF4A in the cellular identity of hepatocytes is interesting: P1-HNF4A acts as
a tumor suppressor, whereas increased expression of P2-HNF4A is associated with the
progression of hepatocellular carcinoma [85]. Both isoform groups are also expressed in
the colon epithelium and pancreatic ducts, where an increase in P2 isoforms is associated
with potential cancer progression [86]. HNF4A consists of five structural domains: the N-
terminal A/B domain, the C domain, which includes the functional DNA-binding domain,
the D and E domains that form the ligand-binding domain, and the C-terminal F-domain.
The N-terminal and C-terminal domains have a disordered structure and do not participate
in DNA motif binding; however, they contribute to the differences between isoforms [87,88].
Interacting with co-regulators, HNF4A can exhibit both repressive and activation activities.
For example, the interaction with PGC1α [21], SRC-1, and GRIP1 [89], as well as PPARα,
significantly enhances transcription of the target gene. In contrast, IRF2BP2 [90] and DAX-
1 [91] act as co-repressors. HNF4A predominantly exerts its activity during the night,
directly regulating the circadian expression of downstream genes by acting as a repressor
of the CLOCK:BMAL1 heterodimer [92,93].

Hepatocyte nuclear factor 1 alpha (HNF1A) is a transcription factor from the Pit–Oct–
Unc (POU) family, encoded on chromosome 12. The protein consists of several domains: a
N-terminal dimerization domain, an acidic amino acid region, a POU homeodomain that
includes two subdomains, POUs and POUh, and a C-terminal transactivation domain [94].
HNF1A regulates the expression of HNF4A through an auto-regulatory positive feedback
loop [95]. Somatic mutations in the POU domain lead to reduced transcriptional activity
of the P1-HNF4A and P2-HNF4A isoforms, which is associated with decreased promoter
affinity [96]. HNF1A is involved in lipid metabolism, maintaining cholesterol homeostasis
through the regulation of PCSK9 and miR-122-dependent activation of SREBP-2 [97]. It
inhibits the expression of SREBP-1c and the activity of the STAT3 signaling pathway [98],
thereby preventing lipid accumulation in the liver. Moreover, HNF1A is associated with
MODY3, as it normally enhances IRS-1 and AKT phosphorylation and activates the insulin
signaling pathway [96]. HNF1A regulates the expression of complement pathway com-
ponents such as C5, C8A, and factor D [99,100]. A decrease in hepatic HNF1A expression
during fibrosis leads to the activation of inflammatory signaling pathways, including NF-
κB and JAK/STAT, which in turn form a positive feedback loop that further suppresses
HNF1A [101,102]. Thus, HNF1A represents one of the key factors involved in lipid and
carbohydrate metabolism as well as in modulating the hepatic immune response.

Prospero-related homeobox 1 (Prox1) is a transcription factor that plays a critical
role in liver development and regeneration, promoting the recovery of the hepatocyte
population [103–105]. It is required for the migration and differentiation of hepatocytes
and cholangiocytes during organogenesis. This factor can directly repress the expression
of genes unrelated to liver differentiation, thereby helping to maintain the hepatocyte
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phenotype [106]. The regulatory role of Prox1 as a tumor suppressor has been discussed in
detail in a recent review by Lee and Ma [107]. Genes under its regulatory influence also
include other hepatic transcription factors, as illustrated by HNF4A [108]. In addition to
direct Prox1 binding, an interaction has been demonstrated between the N-terminal LXXLL
motif of Prox1 and the activation function 2 domain of HNF4A [109].

Members of the Forkhead box (FOX) transcription factor subfamily, FOXA, also known
as HNF3, constitute a group of pioneer transcription factors and include three main proteins:
FOXA1, FOXA2, and FOXA3. FOXA is expressed in various tissues, including the liver,
pancreas, intestine, lungs, and prostate. FOXA3 regulates bile acid transport by inhibiting
the NTCP and OATP1 transporters, preventing excessive lipid accumulation in the liver,
and suppressing inflammatory responses through inhibition of TNF-α, interleukin-1β,
Icam1, Nfκb1, Cd68, and Jnk1. FOXA3 and HNF4A co-regulate the cell cycle via activation
of the TP53 gene promoter [110–112], accompanied by increased histone H3K9 acetylation
at the promoter region [110]. FOXA1 and FOXA2 have partially overlapping functions
and play key roles in the development and maintenance of hepatocyte identity [113–115].
Literature data indicate that their knockdown reduces the expression of major hepatic
transcription factors and redirects the cellular phenotype toward alternative differentiation
trajectories, showing increased neuroectodermal and pluripotency markers [116].

The ONECUT (OC) transcription factor family, also known as HNF6, exists in three
isoforms: OC-1 (HNF6A) and OC-2 (HNF6B), which are predominantly expressed in the
liver, and OC-3, which is less studied but primarily expressed in neural tissue. HNF6 has
been extensively reviewed in a recent publication [117]. In this work, we focus only on
the main aspects of its regulatory activity. HNF6 is known to interact differently with the
promoters of TTR and FOXA2. In the FOXA2 promoter, only the cut-domain binds DNA,
while its LSDLL motif and F48M50 dyad of the homeodomain are available to interact with
the co-activator CREB-binding protein (CBP). In contrast, in the TTR promoter, binding
involves both domains of HNF6A: the cut domain and the homeodomain, recruiting the
co-activator P300/CBP-associated factor. Notably, changing only two nucleotides in the
DNA motif leads to such a substantial alteration in the activation mechanism [118].

The transcription factor Activator Protein-1 (AP-1) binds DNA as a dimer. The compo-
nents of this dimer can include proteins from various families, such as JUN (c-Jun, JunB,
and JunD), FOS (c-Fos, FosB, Fra-1, and Fra-2), MAF (musculoaponeurotic fibrosarcoma)
protein family, and activating transcription factor (ATF) [119]. The composition and func-
tional outcome of AP-1 TFs depend on upstream signaling pathway activity (e.g., MAPK
and JNK) and cytokine availability. For example, interleukin-6 (IL-6) induction enhances
the transcription of insulin-like growth factor-binding protein 1 through the HNF-1 site
via AP-1 (c-Fos/c-Jun) and STAT3 [120]. A similar mechanism, AP-1/HNF-1, increases the
expression of C-reactive protein [121]. Thus, AP-1 TFs are involved in cellular responses
to oxidative stress [122], inflammation [123], and high-fat intake [124]; AP-1 TFs can also
induce apoptosis [125] and regulate proliferation [126].

The C/EBP family of transcription factors can form homo- or heterodimers and
bind DNA via a leucine zipper domain. Members of the C/EBP family are expressed
in many tissues; however, in the liver, the primary regulatory roles are carried out by
two transcription factors: C/EBPa and C/EBPb. C/EBPa exists in several isoforms: the
full-length p42, the truncated p30, and an extended isoform, expressed at lower levels,
which initiates translation from an alternative start codon (CUG in vertebrates, GUG in
humans) [127].

C/EBPb, also known as interleukin-6-dependent DNA-binding protein or nuclear
factor interleukin-6 (NF-IL6) [128], is also represented by three isoforms: LAP1 and LAP2,
which generally act as transcriptional activators, and the shorter LIP isoform, which more
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often functions as a transcriptional inhibitor. C/EBPa exhibits anti-proliferative effects [129]
and is involved in the regulation of lipogenesis [130] and gluconeogenesis through the
co-activator CBP [131]. Overexpression of C/EBPa in hepatic stellate cells increases the
expression of ATG5 and Beclin1, thereby promoting autophagy [132].

C/EBPb is induced by IL-6 and plays a key role in the regulation of immune re-
sponses [133]. In addition, this transcription factor acts as an effector of endocrine stim-
uli, particularly thyroid-stimulating hormone (TSH). TSH increases the expression of
miR-374b, which subsequently suppresses C/EBPb transcription and directly targets the
3′-untranslated region of C/EBP, creating a negative feedback loop [134].

It should be emphasized that the regulatory activity of TFs is determined by several
interconnected factors. First, it is constrained by the ~150 bp span of nucleosomes and
exhibits a periodicity of approximately 10.5 bp, which reflects the helical turns of DNA.
TFBS affinity also strongly influences specificity: cooperative effects of low-affinity sites
can promote tissue specificity, whereas high-affinity sites may reduce it. DNA-mediated
cooperativity is frequently observed; in this case, adjacent sites and defined spacing be-
tween them stabilize simultaneous binding. This property is used in the design of synthetic
promoters (as described in the corresponding section). The mechanisms of cooperative
interactions are discussed in greater detail in the review [135].

In addition, the composition and arrangement of TFs on enhancers and promoters can
be flexible, reflecting diverse mechanisms of cooperativity and enabling TFs to function
across different regulatory contexts. Thus, understanding the regulatory landscape is
essential for the development of applied solutions in gene therapy.

4. Safety Advantages of Liver-Specific over Ubiquitous Promoters

Most gene therapy studies and commercial genetic platforms utilize natural promoters
within their delivery constructs. These include ubiquitous and tissue-specific eukaryotic
promoters, as well as viral promoters [58]. Numerous gene therapy studies, in particular,
employ viral promoters such as the early CMV promoter [136], the simian virus 40 (SV40)
promoter [137], the adenoviral major late promoter (MLP) [138], and various retroviral
long terminal repeat (LTR) promoters [139]. In their native context, strong viral promoters
are essential for efficient viral replication and therefore often drive substantially higher
transcription levels than native eukaryotic promoters. Moreover, they are generally more
compact than eukaryotic counterparts, making them easier to manipulate and utilize in
gene therapy vectors [29]. In addition to natural viral promoters, synthetic ubiquitous
promoters such as CBA and CAG are widely used; these contain both viral and eukaryotic
regulatory elements. A comprehensive review on the clinical landscape of AAV-based gene
therapies reported that between 2015 and 2019, 45% of clinical trials employing constructs
with disclosed promoters used CMV, CAG, or CBA promoters [140].

The primary limitation of using viral promoter use in gene therapy is their propensity
to trigger immune activation, resulting in rapid decline in transgene expression. Silencing
of viral promoters is partly associated with the induction of pro-inflammatory cytokines,
such as TNF-α (tumor necrosis factor-alpha) and IFN-γ (interferon-gamma), during the
activation of the innate immune response [29,141]. Several studies suggest that inhibition
occurs at the level of transgenic mRNA, and cytokines do not cause degradation of vector
DNA or suppress general cellular protein synthesis. The analysis indicates that IFN-γ
and TNF-α lead to promoter-specific, post-transcriptional destruction of viral mRNA.
It was demonstrated that viral promoters are more sensitive to the inhibitory action of
inflammatory cytokines compared to eukaryotic promoters [142]. An early study reported
that expression of factor IX under the elongation factor 1α (EF1α) promoter in mouse liver
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persisted for at least six months, whereas expression driven by the CMV promoter was
eliminated by week 5 [143].

Another issue associated with the use of viral regulatory elements, particularly those
of retroviral origin, is their targeted methylation in eukaryotic cells, which inhibits trans-
gene expression [144]. Viral promoters (e.g., CMV) are rich in CpG dinucleotides, which
makes them targets for DNA methyltransferases and leads to epigenetic silencing. In
contrast, many endogenous liver-specific promoters have low CpG content or protected
chromatin contexts, which provides them with resistance to hypermethylation and more
stable expression [145]. This mechanism is discussed in detail in the another review [146].
It was also reported that the epigenetic status of the transduced cell with AAV vectors
effects transgene expression [147].

An alternative solution was to use eukaryotic ubiquitous promoters such as EF1α
and PGK. However, ubiquitous eukaryotic promoters also present significant challenges,
including the difficulty in achieving physiological expression levels and the risk of ectopic
expression in non-target cells and tissues. Ectopic transgene expression often leads to
adverse outcomes such as inflammation and other immune responses associated with de
novo expression in non-privileged tissues and antigen-presenting cells [148].

In contrast, such as ApoE/HCR1-hAAT (human alpha1-antitrypsin promoter cou-
pled with hepatic control region 1 of apolipoprotein gene cluster), and TBG (thyroxine-
binding globulin promoter), provide higher transgene expression levels compared to
ubiquitous eukaryotic and viral promoters, and do not lead to the transgene-specific
antibodies formation [149,150].

Thus, a crucial requirement in the development of effective and safe gene therapies is
not only the level of expression but also its localization within target tissues. The selection
of a suitable promoter for targeted expression becomes particularly important, and tissue-
specific promoters are increasingly being used in gene therapy development, as supported
by recent data [140]. Therefore, the following section will focus on the most commonly
used liver-specific promoters in gene therapies and the key stages in the creation of their
improved synthetic variants (Table 1, Supplementary Material S1). More information about
liver-directed gene therapies are presented in Supplementary Table S1.

Table 1. Liver-specific promoters utilized in gene therapy.

Promoter Gene of Origin Length, bp Features Disease Gene Therapy Ref.

hAAT Human AAT 305 −264/+41 hAAT promoter Wilson disease VTX801 [151–153]

EalbAAT Human AAT,
murine Alb 673 −264/+20 hAAT promoter with

376 bp mAlb enhancer

AIP (acute
intermittent
porphyria)

rAAV2/5-
PBGD [154–156]

ApoE/HCR1-
hAAT

Human
ApoE/HCR1 and

AAT
727 −355/+42 hAAT promoter with

321 bp ApoE/HCR1 enhancer Hemophilia B

Beqvez
(fidanacogene
elaparvovec,
SPK-9001)

[157,158]

ApoE/HCR1-
hAAT

Human
ApoE/HCR1 and

AAT
732 −353/+50 hAAT promoter with

321 bp ApoE/HCR1 enhancer
Phenylketonuria

(PKU) BMN 307 [159,160]

ApoE/HCR1-
hAAT

Human
ApoE/HCR1 and

AAT
725 −355/+43 hAAT promoter with

321 bp ApoE/HCR1 enhancer
Phenylketonuria

(PKU) NGGT002 [161]

ApoE/HCR1-
hAAT

Human
ApoE/HCR1 and

AAT
723 −355/+38 hAAT promoter with

321 bp ApoE/HCR1 enhancer Fabry Disease ST-920 [162–164]
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Table 1. Cont.

Promoter Gene of Origin Length, bp Features Disease Gene Therapy Ref.

ApoE/HCR1-
hAAT

Human
ApoE/HCR1 and

AAT
727 −355/+42 hAAT promoter with

321 bp ApoE/HCR1 enhancer
Crigler-Najjar

syndrome GNT0003 [165–167]

ApoE/HCR1-
hAAT

Human
ApoE/HCR1 and

AAT
732 −355/+42 hAAT promoter with

326 bp ApoE/HCR1 enhancer Pompe disease
SPK-3006

(vanglusagene
ensiparvovec)

[168,169]

FRE76
Human

ApoE/HCR1 and
AAT

728
−347/+43 hAAT promoter with
321 bp ApoE/HCR1 enhancer
Same as ApoE/HCR1-hAAT

Gaucher
disease type 1 FLT201 [170]

LP1
Human

ApoE/HCR1 and
AAT

448 −212/+43 hAAT promoter with
192 bp ApoE/HCR1 enhancer Hemophilia B

Hemgenix
(AMT-061,

CSL222,
etranacogene

dezaparvovec)

[171,172]

LP1
Human

ApoE/HCR1 and
AAT

448 −212/+43 hAAT promoter with
192 bp ApoE/HCR1 enhancer Hemophilia B scAAV2/8-LP1-

hFIXco [173–176]

LP1
Human

ApoE/HCR1 and
AAT

448 −212/+43 hAAT promoter with
192 bp ApoE/HCR1 enhancer

Phenylketonuria
(PKU) HMI-102 [177,178]

LP1
Human

ApoE/HCR1 and
AAT

448 −212/+43 hAAT promoter with
192 bp ApoE/HCR1 enhancer

Phenylketonuria
(PKU) HMI-103 [160,179]

HLP
Human

ApoE/HCR1 and
AAT

252 −247/−216 and −143/+43 hAAT
promoter with 34 bp ApoE/HCR1 Hemophilia A

AAV-HLP-
hFVIII-V3

(GO-8)
[180,181]

HLP
Human

ApoE/HCR1 and
AAT

252 −247/−216 and −143/+43 hAAT
promoter with 34 bp ApoE/HCR1 Hemophilia A

Roctavian
(valoctocogene
roxaparvovec,

BMN 270)

[182–184]

FRE1 (HLP2)
Human

ApoE/HCR1 and
AAT

335
−247/−216 and −143/+43 hAAT

promoter with 117 bp ApoE/HCR1
enhancer

Hemophilia B
FLT180a (ver-
brinacogene
setparvovec)

[185–187]

FRE1 (HLP2)
Human

ApoE/HCR1 and
AAT

335
−247/−216 and −143/+43 hAAT

promoter with 117 bp ApoE/HCR1
enhancer

Fabry disease FLT190 [187,188]

Em-hAATsh
Human AAT,

synthetic
enhancer

139

Shorten −133/+51 hAAT promoter
divided on 4 parts with

synthetic enhancer composed of
hepatocyte TF binding sites

Hemophilia A ZS802 [189,190]

mTTR mut Murine TTR 223 −138/−135 gact>tgtg mutant mTTR
promoter Hemophilia A NGGT003 [191]

mTTR mut Murine TTR 223 −138/−135 gact>tgtg mutant mTTR
promoter Hemophilia A

SPK-8011
(dirloctocogene
samoparvovec)

[192–194]

mTTR en-
hancer/promoter Murine TTR 330

−204/+5 mTTR promoter with
100 bp mTTR enhancer in antisense

orientation
Hemophilia B AskBio009

(BAX 335) [195,196]

mTTR en-
hancer/promoter Murine TTR 330

−204/+5 mTTR promoter with
100 bp mTTR enhancer in antisense

orientation
Hemophilia A TAK-754 (BAX

888) [197–199]

mTTR en-
hancer/promoter Murine TTR 372

−202/+27 mTTR promoter with
modified mTTR enhancer in antisense

orientation
Shorten ET promoter

Hemophilia B ANB-002 [200,201]

E03.TTR Murine and
human TTR 296 −189/+1 hTTR promoter with

100 bp mTTR enhancer Hemophilia A DTX201
(BAY2599023) [202–204]
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Table 1. Cont.

Promoter Gene of Origin Length, bp Features Disease Gene Therapy Ref.

E03.TTR Murine and
human TTR 290 −189/+1 hTTR promoter with

100 bp mTTR enhancer Wilson disease UX701 [205,206]

AlMB2-
mTTR482

Murine TTR,
human AMBP 671

−203/+21 mTTR modified promoter
with modified 92 bp mTTR enhancer

and 2 copies of modified 162 bp
hAMBP enhancer

Phenylketonuria
(PKU) SAR444836 [207,208]

CRMSBS2-
mTTR

Murine TTR,
human AAT 307

−202/+21 mTTR promoter with
modified −122/−51 hAAT in

antisense orientation
Hemophilia A

PF-07055480,
formerly SB-525
(giroctocogene
fitelparvovec)

[209–211]

3xCRM8-
enTTR-mTTR

Murine TTR,
human AAT 548

−204/+5 mTTR promoter with
100 bp mTTR enhancer and

3 copies of CRM8 (−122/−51 hAAT in
antisense orientation)

Hemophilia B TAK-748
(SHP648) [196,212]

3xCRM8-
enTTR-mTTR

Murine TTR,
human AAT 520

−202/+1 mTTR core promoter with
100 bp mTTR enhancer and

3 copies of CRM8 (−122/−51 hAAT in
antisense orientation)

Hemophilia B VGB-R04 [213]

HCB Xenopus laevis Alb,
human AMBP 146

−67/−26 xAlb promoter (SynO
region) with AbpShort (region of

human AMBP shortened to 56 bp), and
predicted conservative TSS

Hemophilia A ASC618 [214–216]

GT001 (vector
title)

Xenopus laevis Alb,
canine AAT,

human
ApoE/HCR1

266
16 bpHCR1 enhancer with
modified canine AAT and

−66/+38 Xenopus laevis Alb
Hemophilia A GS1191-0445 [217,218]

LSP Human TBG and
AMBP 698 −474/+3 TBG with

2 copies of 101 bp AMBP enhancer

MPS VI
(Mucopolysac-

charidosis
Type VI)

AAV2/8.TBG.h-
ARSB [219,220]

LSP Human TBG and
AMBP 747

−475/+4 TBG promoter with
2 copies of modified 98 bp AMBP
enhancer with 3 point mutations

Pompe disease ACTUS-101 [221,222]

LSP Human TBG and
AMBP 734

−475/+4 TBG promoter with
2 copies of 98 bp AMBP enhancer with

3 point mutations
Hemophilia B DTX101 [158,223]

LSP * Human TBG and
AMBP 698 −474/+3 TBG promoter with

2 copies of 101 bp AMBP enhancer

Ornithine Tran-
scarbamylase

Deficiency
DTX301 [224–227]

LXP2.1 Completely
synthetic 188 Consists of hepatocyte TF binding sites Hemophilia A BBM-H803

(BBM 002) [228]

LXP2.1 Completely
synthetic 188 Consists of hepatocyte TF binding sites Hemophilia B BBM-H901 [229]

G6PC1 Human G6PC1 2864 −2786/+78 hG6PC1 native promoter
Glycogen

storage disease
type I (GSDIa)

DTX401 [230,231]

C7 NS NS NS Fabry Disease AMT-191 [232]

* The DTX301 clinical trial claims to use the TBG promoter despite the presence of two copies of the
AMBP enhancer.

5. Promoters Based on Human SERPINA1 Gene

Alpha 1-antitrypsin (AAT) is the main inhibitor of serine proteases, encoded by the
SERPINA1 (Serpin Family A Member 1) gene approximately 12.2 kb in length. The healthy
plasma AAT level is between 0.9 and 2 g/L, but it can be increased fivefold relative to
normal during an acute-phase response (APR) [233]. AAT is expressed in the various
isoforms and is controlled by two promoters for different tissues. The promoter at the
5′-end of the gene with TSSs in the untranslated exon 1A drives expression in monocytes,
macrophages, and lungs, while the liver-specific promoter is located closer to the coding
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region with a TSS mapped in the untranslated exon 1C [234,235]. Since in this paper we
discuss the use of promoters for liver-specific expression, we will focus on describing the
SERPINA1 promoter with TSS in exon 1C, and will use base numbering relative to the
corresponding TSS.

In the 1980s, sequencing of the coding and non-coding regions of the SERPINA1 gene
(formerly termed AAT) enabled a detailed studies of its promoter regulation [236,237].
Subsequent studies identified multiple transcript variants of this gene and two principal
promoters located approximately ~2 kb apart. The upstream promoter is responsible
for expression in macrophages, while the downstream promoter provides expression in
hepatocytes (Figure 2A) [238]. The inducibility of the promoter is determined by the
action of cytokine IL-6, mediated through transcription factor NF-IL6, whose binding
site is located in the 3′ enhancer. The 3′ enhancer region also contains AP1 sites for
binding to Fox/Jun and an Oct-1 binding site. IL-6 induction has minor effect on the
5′ promoter separately from the 3′ enhancer, suggesting complex spatial regulation of
inducible promoter activation [238–240].

Figure 2. Promoters based on human SERPINA1 (AAT) gene. (A)—human SERPINA1 gene. (B)—−721/
+44 hAAT promoter. (C)—EalbAAT promoter composed of hAAT promoter with murine Alb en-
hancer. (D)—4xApoE-hAAT promoter composed of hAAT promoter with four copies of 154 bp
HCR1 enhancer. (E)—HCR1-hAAT promoter composed of hAAT promoter with 321 bp HCR1
enhancer. (F)—LSP1 promoter composed of hAAT promoter with 2 copies of 321 bp HCR1 en-
hancer. (G)—DC172 promoter composed of hAAT promoter with 2 copies of 160 bp AMBP enhancer.
(H)—LP1 promoter composed of hAAT promoter with 192 bp HCR1 enhancer. (I)—HLP promoter
composed of two hAAT promoter parts with 34 bp HCR1 enhancer. (J)—FRE1 (HLP2) promoter com-
posed of two hAAT promoter parts with 117 bp HCR1 enhancer. (K)—FRE72 promoter composed of
two hAAT promoter parts. (L)—Em-hAATsh promoter composed of four hAAT promoter parts with
synthetic Em enhancer. Pm, monocytes and macrophages promoter; Ph, hepatocytes promoter; 1A, 1B
and 1C, untranslated exons; 2E, 3E, 4E and 5E, translated exons; 3′ enh, enhancer located downstream
from coding sequence; DE2, distal element 2; DE1, distal element 2; TSE, tissue-specific element.
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However, the 5′ promoter of hepatocytes exhibits high basal activity even in the ab-
sence of IL-6 induction and activation by the 3′ enhancer. In a pilot study by Ciliberto et al.,
a −1200/+44 bp region of hAAT promoter was reported to provide a high level of specific
expression in hepatocytes [237]. Within this promoter various regions with different en-
hancer activity and specificity were determined based on the analysis of truncated variants
(Figure 2B). The most proximal region, located at −137/−37, titled as a tissue-specific
element (TSE), is capable of specifically enhancing the heterologous SV40 promoter 25-fold
in hepatocytes. HNF4 and HNF1 binding sites have been identified in this region, and
a mutation in one of them leads to a complete elimination of promoter activity [141,238].
Within the TSE, CRM8 (cis-acting regulatory modules) was later characterized, which has a
high homology among many species and is essential for promoter function [241]. C/EBP,
HNF1, HNF4, HNF6 and two HNF3 sites with different binding affinities were identified
within −202/−70 region [242,243]. The intermediate region −261/−210 (DE1) is capable
of enhancing the heterologous SV40 promoter in 40–50 times, which contrasts markedly
with the fact that shortening the native promoter to −210 reduces activity only in 4–5 times.
A core enhancer site was identified in this region, which is also found in many liver genes
as well as viral enhancers. The site is presented in the 3′ enhancer and flanked by the AP1
and C/EBP sites [141,238,240]. The third major regulatory region DE2 of the promoter is
located at −488/−356 and exhibits strong but non-specific enhancer activity [238].

Most further studies focused on the −721/+44 truncated promoter variant, since this
promoter has an analogous activity to −1200/+44 promoter (Figure 2B) [237]. In one of the
earliest studies focused on the comparison of promoter activity in primary hepatocytes the
−732/+44 hAAT promoter demonstrated relatively weak activity compared to the 500 bp
hAlb (human albumin) promoter and viral promoters [244]. However, in retroviral vectors
the truncated −347/+56 hAAT promoter was superior to 820 bp mAlb both in vitro on dif-
ferentiated hepatocytes and in vivo during hAAT expression in mice [245]. A similar result
was obtained by comparison of the truncated −261/+44 hAAT promoter with −180/+16
mAlb where the hAAT promoter without enhancer showed higher activity, representing
40% of the CMV promoter activity. In the same study, the addition of 376 bp mAlb enhancer
to the hAAT promoter increased the expression level of AAT from 20 to 70 ug/mL in
mouse plasma (Figure 2C, Table 1) [141,246]. Therefore, both promoters found their clinical
applications in which −261/+44 hAAT was used in AAV3B-mediated gene therapy VTX801
for Wilson’s disease, while EalbAAT (376 bp enhancer with −264/+20 hAAT) was used to
treat acute intermittent porphyria (AIP) (rAAV2/5-PBGD) [151,154].

Nevertheless, VTX-801 gene therapy was terminated due to poor efficacy of the
doses tested, despite promising results in preclinical studies [151]. Despite some im-
provement in patients’ quality of life, including a significant reduction in depression and
anxiety, the rAAV2/5-PBGD therapy also proved to be not enough effective, as ALA
(delta-aminolevulinic acid) and PBG (porphobilinogen) levels did not decrease even in
the high-dose vector group with 1.8 × 1013 vg/kg [154]. To increase the therapy’s efficacy,
two copies of the ADRES (ALAS Drug-Responsive Enhancing Sequence) enhancer were
added to the EalbAAT promoter, that significantly improved the promoter’s activity in the
presence of several porphyrinogenic stimuli. This modification of the promoter made it
possible to achieve the same level of PBGD activity with 10 times lower viral load [247].
The same group of authors also obtained a hyperfunctional mutant PBGD variant that
provided protection in AIP mice against PB-induced attack [248].

An interesting observation was that the addition of several copies of HNF3 binding
sites does not enhance the hAAT promoter that is in contrast to mAlb. The previously
characterized ApoE/HCR1 (hepatic control region 1) enhancer region was used to enhance
the hAAT promoter. hAAT promoter and HCR1 enhancer combination subsequently be-
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came the most popular for providing liver-specific expression. The HCR1 region, which
together with HCR2 control the expression of all E/C-I/C-IV/C-II cluster genes, was
characterized into regulatory regions of varying lengths and enhancer activities [249,250].
The enhancer activity is driven by the presence of multiple binding sites for HNF3, HNF4,
and C/EBP [251–253]. Originally, researchers used several copies of the 154 bp HCR1
enhancer region (PvuII-ApaI region) to enhance the −347/+56 hAAT promoter (Figure 2D).
Interestingly, the greater promoter activity was attributed to the HCR1 enhancer in reverse
orientation as the positioning of the enhancer downstream of the transgene coding se-
quence [47,254–257]. The use of a greater number of copies of the 154 bp (4 and 8) enhancer
in the adenoviral (Ad) expression vector leads to alanine aminotransferase elevations
and faster loss APOA1 transgene expression loss [255]. Nevertheless, immune tolerance
to transgene was observed in mice using Ad and AAV vectors with the 4xApoE-hAAT
promoter [258,259].

A key factor that advances the use of the hAAT promoter was the observation that
the complete 711 bp HCR1 enhancer locus combined with 408 bp hAAT fragment resulted
in a four-fold higher level of hFIX expression compared with four copies of the 154 bp
enhancer [260]. Subsequently, the derived 1.1 kb HCR1-hAAT promoter was used in
AAV and LV vectors in preclinical trials for the treatment of hemophilia B. It is important
to note that liver-specific expression resulted in the immune tolerance induction in the
animals [259,261–263]. However, the HCR1-hAAT promoter became most widespread
as a variant in which the HCR1 enhancer region was reduced to ~320 bp containing full
functional LCR activities and maintaining a similar promoter activity (Figure 2E) [260,264].
The promoter was at least twice more active than mTTR enhancer/promoter by normalized
expression level [265]. Currently, the 730 bp HCR1-hAAT promoter is used for liver-specific
expression in a various AAV-mediated gene therapies for the treatment of hemophilia
B (Beqvez, idanacogene elaparvovec), Fabry disease (ST-920), Gaucher disease (FLT201,
promoter titled as FRE76), Pompe disease (SPK-3006, vanglusagene ensiparvovec), Crigler–
Najja syndrome (GNT003) and phenylketonuria (BMN 307; NGGT002) [157,162,165]. SPK-
3006 gene therapy was terminated for strategic reasons while BMN 307 was discontinued
based on preclinical results, where 6 out of 7 mice receiving the highest dose (2e14 vg/kg)
developed tumors in liver necropsy with evidence for integration of portions of the AAV
vector into the genome. This observation was most likely due to the extremely high dose of
the vector [159].

The LSP1 (liver-specific promoter 1) promoter was obtained by the addition of another
copy of the HCR1 enhancer, which enhances the HCR1-hAAT promoter by 2–3 times
(Figure 2F) [20,266–270]. LSP1 promoter was used in preclinical studies of ornithine
transcarbamylase (OTC) deficiency in mice and for the expression of piggyBac transposase
for editing OTC-deficient patient-derived primary human hepatocytes [271–273]. However,
LSP1 has not found clinical application despite its identical activity to TBG promoter [227].

Based on the capability of the AMBP (alpha-1-microglobulin/bikunin precursor)
to enhance the hAAT promoter to the same degree as HCR1, two copies of the 160 bp
AMBP enhancer were added to the 890 bp hAAT promoter to obtain the DC172 promoter,
which has five times greater activity compared to previously reported DC190 (Figure 2G)
[266,274,275]. An additional modification of DC172 involved inserting copies of the HCR1
enhancer; however, the promoter failed to be enhanced by the 154 bp HCR1 enhancer
regardless of the copy number. This confirms the results of previous studies that AMBP
and HCR1 enhancers do not have a combinatorial effect and are most effective when acting
separately [256,266]. Copies of the 774 bp HCR1 enhancer can enhance the DC172 promoter
by 1.5–2 times, but this significantly increases the size of the already long promoter, that
limits its application [256]. The derived promoter was used in a more high-capacity Ad
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vector for regression and stabilization of advanced murine atherosclerotic lesions [276].
At the same time, the ~1.2 kb DC172 promoter was used for AAV-mediated expression
of glucocerebrosidase in a mouse model of Gaucher disease, that results in the immune
tolerance induction [275].

However, the great length of the promoters 730 bp HCR1-hAAT, ~1 kb LSP1, ~1.2 kbp
DC172 limited their use in a number of gene therapies with larger CDS and for use in scAAV
vectors. Based on analysis of TF binding sites, the HCR1-hAAT promoter was truncated
to a 448 bp LP1 promoter during the development of the scAAV8 vector for hemophilia
B therapy (Figure 2H) [174]. The shortened length of the promoter enabled its use in pre-
clinical studies of AAV-mediated gene therapy for hemophilia A [277–279]. Some attempts
were made to modify the LP1 promoter through nucleotide alteration to include HNF1 and
HNF4 binding sites, but this provided a minor effect on promoter activity [280]. Due to the
lower efficiency of assembling oversized AAV vectors such for hemophilia A gene therapy,
further shortening of the promoter was required. Researchers from University College
London obtained a 252 bp HLP (hybrid liver promoter) promoter during the development
of hemophilia A gene therapy with a new FVIII-V3 variant which has increased expression
efficacy (Figure 2I) [183]. HLP promoter design based on the results of the early pilot work
mentioned above focusing on the characterization of the promoter functional regions [238].
It was reported that shortening hAAT promoter from −261 to −208 resulted in significant
activity reduction, but no change was observed with further shortening to −137. Therefore,
it was decided to combine the DE1 with TSE regulatory regions (Figure 2B) and add the
first 34 bp of the 192 bp HCR1 enhancer used for LP1. The LP1 promoter was used in
gene therapy for the treatment of hemophilia B (AMT-061, Hemgenix; scAAV2/8-LP1-
hFIXco) and phenylketonuria (HMI-102 and HMI-103 are currently terminated), while
HLP is used for the treatment of hemophilia A (BMN 270, Roctavian; GO-8) [171,176,177].
HMI-102 was discontinued due to the greater promise of HMI-103 therapy, designed to
integrate PAH cDNA into the PAH locus via homology-directed repair (HDR). Despite
encouraging preliminary results, HMI-103 was also terminated, presumably for economic
reasons [281,282].

Despite reports of identical potency of LP1 and HLP promoters in AAV vectors in
in vivo studies, in vitro studies on Huh7 cells demonstrated that the activity of various
HCR1-hAAT promoter variants decreased with promoter length, and the HLP promoter
provided the lowest FVIII expression [172]. The low activity of the HLP promoter is
also confirmed in a large-scale study of enhancer and promoter combinations, where it
is denoted as E01.A1AT [203]. To enhance HLP promoter the 34 bp HCR1 enhancer was
replaced with 117 bp HCR1 [283]. The derived 335 bp in length HLP2 (FRE1) promoter
was only 1.5 times less active than HCR1-hAAT (Figure 2J) [187]. HLP2 was used in gene
therapies for Fabry disease (FLT190) and hemophilia B (FLT180a), which are currently
terminated [186,188]. FLT180a was terminated after 10 patients had been enrolled because
of changes to the clinical development plan and recruitment difficulties due to the COVID-
19 pandemic (NCT03369444) while development of FLT190 in Fabry disease was paused to
focus company resources on advancing FLT201 (NCT04040049).

HLP2 promoter underwent further modifications to provide fully identical to
HCR1-hAAT activity. The 119 bp FRE72 promoter was obtained exclusively from the
−130/+44 hAAT region by introduction of an internal deletion −50/+4 (Figure 2K). The
obtained promoter had 1.5–2 times greater activity compared to its ancestor HLP2 pro-
moter, despite the deletion of the most proximal regions involving the TATA box and TSS,
which is quite unexpected in accordance with current concepts about the critical role of
the basal promoter region. A similar approach with the proximal elements removal is
observed for the new 139 bp Em-hAATsh promoter, which contains multiple deletions
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within the −155/+33 hAAT promoter region. In a similar manner the most proximal
region was deleted which may indicate the low significance of the −40/+22 region of the
basal promoter, additionally considering the extremely low activity of the −85/+9 hAAT
promoter [284]. hAATsh consists of the following hAAT regions: −155/−141, −123/−106,
−77/−41, +23/+33, and in combination with a synthetic enhancer, it results in a 10-fold
activity increase compared to the HLP promoter (Figure 2L; Supplementary Material ZS802
Em-hAATsh) [190]. There were no reports yet on the use of the FRE72 promoter in clinical
trials, however Em-hAATsh is presumably already utilized in the ZS802 hemophilia A
gene therapy.

Thus, despite the long-standing combined use of the hAAT promoter and HCR1
enhancer, their application is becoming more widespread with an emphasis on reducing
the promoter length. The 34 bp HCR1 enhancer is being investigated for the enhancing
of other promoters, such as TBG and mTTR, while the AAT region is also used as an
enhancer for the mTTR and Alb (Xenopus laevis) promoters [203,241]. The CRM8 region
was further modified by aligning orthologs (CRMSBS2) or by returning 4 nucleotides to
the pan-ortholog consensus HS-CRM8 sequence to the human consensus sequence within
or proximal to the predicted transcription factor-binding sites [210,285].

The hAAT promoter offers a compelling example in which a truncated form outper-
forms the full-length form. The observed effect may be attributed to the presence of an
upstream silencer and to differences in transcription factor-binding site density across
promoter regions. A low number of such sites may indicate that the DNA remains in a
nucleosome-associated, compact configuration, as transcription factors may be insufficient
to displace the nucleosome [67,135].

6. Promoters Based on TTR Gene

Transthyretin, formerly known as prealbumin, is a highly conserved plasma transport
protein expressed mainly in the liver, as well as in the choroidal plexus and retinal pigment
epithelium. Notably, hepatic expression can be suppressed during the APR, since cytokines
prevent hepatocyte TFs from binding to the promoter, whereas suppression does not occur
in the choroidal plexus, indicating distinct regulatory mechanisms in these tissues [285,286].

An early study focusing on the TTR promoter was conducted in 1986 by Costa et al.
The researchers discovered an extremely high homology between the human and mouse
TTR gene in the region 290n to the cap site after cDNA and the promoter region were
sequenced. It was suggested that the promoter region necessary for TTR expression is
located within 190 bp upstream of the cap site, since this region possesses the highest
homology at 84%. Through deletion analysis, it was found that the NcoI-SstI enhancer
element (−2150/−1600) is necessary for high liver-specific expression from the −329 pro-
moter (Figure 3A) [287]. The activity of the −3000/−329 enhancer in antisense orientation
was comparable to that in the native orientation when used to enhance both native and
heterologous promoters. The same researchers succeeded in more accurately localizing
the TTR enhancer region within −1.96/−1.86 kb (−1879/−1780 bp according to PubMed)
and the core promoter region within −202 (Figure 3B). The identified enhancer region was
able to enhance hepatocyte-specific expression from the heterologous β-globin promoter
by 9-fold and contained 4 TF binding sites from hepatocyte nuclear extracts: two C/EBP,
AP-1, and HNF4 sites. In addition, it was demonstrated that the mTTR core promoter
and the mAAT enhancer region bind to similar TFs, such as HNF1, FOXA, C/EBP, and
AP-1 [242,243]. Coordinated interaction between HNF1A, FOXA1/2, HNF4A, and HNF6A
factors is necessary to provide core promoter activity, since mutation in a single site has a
dramatic negative effect on promoter activity [285].
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Figure 3. Promoters based on TTR gene. (A)—−3 kb murine TTR promoter regions. (B)—mTTR
enhancer/promoter composed of mTTR promoter with 100 bp mTTR enhancer. (C)—mTTR enhancer
(rev)/promoter (or enTTR-mTTR) composed of mTTR promoter with 100 bp mTTR enhancer in anti-
sense orientation. (D)—mTTRmut, minimal mTTR promoter with HNF3 site mutated. (E)—E03.TTR
composed of hTTR promoter with 100 bp mTTR. (F)—AIMB2-mTTR482 composed of mTTR promoter
with HNF3 and HNF4 sites mutated, 100 bp mTTR enhancer with HNF4 site mutated and two copies
of modified 162 bp AMBP enhancer. (G)—CRM8-mTTR composed of mTTR promoter with hAAT
promoter in antisense orientation as enhancer. (H)—3xCRM8-enTTR-mTTR composed of mTTR
promoter, mTTR enhancer and three copies of hAAT promoter in antisense orientation as enhancer.
HNF3-W, HNF3 weak affinity binding site; HNF3-S, HNF3 strong affinity binding site; HNF3-S>W,
substitution of HNF3-W site for HNF3-S site; HNF4m, modified HNF4 site for more affinity.

The derived ~320 bp mTTR promoter, consisting of a −202 promoter and a 100 bp
enhancer, was compared with a −3 kbp promoter to endogenous expression upon the
integration into the mouse genome. The 320 bp promoter provided full expression levels in
the liver, but increased general expression in the brain outside the choroid plexus, while the
−3 kb promoter provided low expression levels in the brain precisely restricting expression
within the choroid plexus [288]. The 320 bp mTTR promoter was further compared with
other liver-specific promoters in AAV vectors for factor IX expression including 190 bp
mAlb, 730 bp HCR-hAAT, 845 bp LSP and 450 bp −219/+21 hFIX with the site 5 as an
enhancer [289]. A scAAV vector with an mTTR promoter provided higher levels of FIX
expression in vivo [265]. A similar enTTR-mTTR promoter, but with the mTTR enhancer
in the antisense orientation, was used in gene therapies for the treatment of hemophilia
A (TAK-754/BAX 888) and hemophilia B (AskBio009/BAX 335) (Figure 3C) [195,197].
BAX-335 was terminated due to rapid loss of transgene expression due to the use of a
CpG-enriched sequence, which increases the immunogenicity of the vector and leads to
the elimination of transduced cells, as it was also observed for DTX101 gene therapy [290].
However, a rapid decline in transgene expression within the first year was also observed for
CpG-depleted TAK-754 gene therapy. The loss of transgene expression was not associated
with liver dysfunction, and the cause remains unclear [291].

The 100 bp mTTR (antisense) enhancer was modified by random ligation of binding
sites of various hepatocyte-specific transcription factors DPB, C/EBP, HNF1, HNF3, HNF4,
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and HNF6 to create the Enh1mTTR (ET) promoter [292]. ET promoter was used in lentiviral-
based preclinical studies of hemophilia B therapy in mice and dogs, which resulted in
stable but weak expression level of cFIX [293]. A shortened version of the promoter was
subsequently used in the development of AAV5-mediated ANB-002 gene therapy for
hemophilia B [200]. −202 core mTTR promoter was used in pilot studies of AAV-mediated
gene therapy for hemophilia A, where the key requirement for the promoter was its minimal
length with sufficient activity [287,294,295]. It was also found that the most important
regions of the proximal mTTR promoter seemed to be the HNF4 and HNF3-S (strong
affinity) binding sites, since mutations in these regions significantly reduced promoter
activity even in the presence of an enhancer. The enhancer was able to compensate for
mutations in the HNF1 and HNF3-W sites (weak affinity) sites. Furthermore, the conversion
of the HNF3-W site to the HNF3-S site increased promoter activity 1.2-fold in the presence
of a 100 bp enhancer and 1.8-fold in its absence (Figure 3D) [296]. The mTTR mut promoter
with the mentioned mutation was subsequently used for factor VIII expression in AAV-
mediated gene therapies SPK-8011 and NGGT003 for hemophilia A without an enhancer
region due to AAV vector capacity limitations. This mutation was reported to increase
FVIII expression in vivo in mice by 4-fold compared to the wild-type promoter [193]. Spark
suspended phase 3 trials of SPK-8011 (NCT06297486) despite stable but low levels of FVIII
activity (mild HA) over 4 years, which amounted to mean 7.4% [297]. The company stated
its intention to use the enhanced function FVIII variant to improve the effectiveness of gene
therapy. mTTR mut promoter was used in other preclinical studies of gene therapy for
hemophilia A [298].

It should be noted that no distal enhancer element in human TTR similar to that in mice
has been characterized, despite high homology in the proximal promoter region. The hu-
man TTR core promoter has poor activity without the 100 bp mTTR enhancer [299]. Various
enhancers assessment was performed to increase activity that resulted in the generation of
E03.TTR promoter, which represents a combination of the 100 bp mTTR enhancer with the
190 bp hTTR core promoter (Figure 3E) [203,300]. The E03.TTR promoter was used in gene
therapies for hemophilia A DTX201 (BAY2599023) and Wilson’s disease UX701 [203,300].
DTX201 gene therapy provided promising results in clinical trials, achieving stable FVIII
expression for at least 23 months despite the high content of CpG motifs [301].

Human and mouse TTR promoters were compared with 448 bp LP1 and 152 bp mFibr
(modified human fibrinogen beta promoter) promoters in a factor VIII expression cassette.
The LP1 and mTTR promoters, but not hTTR, provided the highest expression of factor VIII,
that was confirmed by in vivo expression during hydrodynamic injection with plasmids.
mTTR and LP1 promoters provided higher and more stable expression of FVIII in oversized
vectors [302].

Due to its short length and compatibility with LP1 activity, mTTR was modified for
use in gene therapies with large coding sequences. Nambiar et al. created the mTTR202opt
promoter by replacing the HNF3 site with a variant with more affinity, as used for SPK-
8011 and NGGT003, and replacing the HNF4 binding site in the proximal region of the
promoter. Next, a modified mTTR enhancer was added to the resulting promoter, in which
the HNF4 binding site was replaced by analogy with the proximal promoter, resulting in the
mTTR482 promoter. mTTR202opt and mTTR482 provided more than twice the expression
of FVIII in vivo compared to the WT-202 mTTR promoter [207]. Two copies of the 162 bp
modified AMBP enhancer (to make it more affine to HNF3 and HNF4 factors) were added
to mTTR482 to obtain the mAlMB2-mTTR482 promoter, which was used in SAR444836
gene therapy for phenylketonuria [207] (Figure 3F). Interestingly, the combination of the
TTR promoter with the truncated AMBP enhancer led to the formation of FVIII-specific
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neutralization antibodies, that may raise some concerns in a number of therapies with high
immunogenicity of the secreted transgene [203].

Several approaches were developed to use other genes as enhancers to boost the mTTR
promoter. It was demonstrated that the proximal region −202/−70 hAAT can act as an
enhancer for the heterologous βb-globin promoter, which could enhance transcription
more than the 100 bp mTTR enhancer. In the study by Chuah et al., researchers used
computational methods to search for highly conserved cis-acting regulatory modules
(CRMs) in highly expressed liver genes. The regions they found were used as enhancers for
the mouse TTR promoter, including the hTTR promoter region denoted as CRM10 [241].
The 71 bp CRM8, which is a part of the previously characterized tissue-specific element
of the hAAT promoter region, was able to enhance the mTTR promoter 7–10 times and
provided liver-specific expression in non-human primates delivered by the scAAV9 vector
(Figure 3G) [141,241]. As a result of further modification, the hsCRM8-mTTR promoter, also
known as HSh-TTR or HHS4-TTR, proved to be 2–3 times more active than the modified
LP1 in vivo [280]. The Hsh-TTR promoter was used in preclinical studies of gene therapy
for hemophilia B in non-human primates, as well as in the study of various FIX variants
obtained through ancestral sequence reconstruction [303–305].

Independently of this modification the CRMSBS2-TTRm promoter was obtained by
aligning the SERPINA1 gene sequence (using ENCODE Alignment) and selecting low-
conservative variants. The promoter is used in clinical trials of SB-525 (giroctocogene
fitelparvovec) gene therapy for hemophilia A [209,211]. Interestingly, up to half of patients
experienced supraphysiological FVIII activity levels, requiring anticoagulant therapy until
physiological activity levels were restored. This may be related to both high promoter
activity and high vector doses [306].

The use of a larger number of copies of CRM8 can significantly enhance the mTTR
promoter, but presence of an mTTR enhancer is still necessary to provide maximum TTR
promoter activity, that is an obstacle to its use in gene therapies with a large transgene
coding sequence, as in the case of hemophilia A [196,307]. Three copies of an unmodified
CRM8 fragment were used to enhance the enTTR-mTTR promoter, as in the case of VGB-
R04 gene therapy for hemophilia B [213]. However, TAK-748 therapy utilizing the same
promoter was terminated prior to the start of trials due to expectations of low therapeutic
efficacy [196,212].

7. Promoters Based on Albumin (Alb) Gene

Albumin is the most abundant plasma protein (40–60% of total protein, 35–52 g/L in
human plasma), synthesized exclusively by hepatocytes. Among its principal functions,
albumin maintains blood oncotic pressure and transports various ligands, including fatty
acids and hormones [308,309]. The exceptionally high level of liver-specific albumin
expression—accounting for up to 15% of total hepatic protein synthesis—has prompted
extensive investigation into its promoter as a powerful tool for achieving tissue-specific
gene delivery in the context of gene therapy [310,311]. Building on the robust endogenous
synthesis of albumin, various strategies involving zinc-finger nuclease (ZFN)-mediated
integration of therapeutic transgenes directly into the albumin intron were pursued (SB-913,
SB-318, SB-FIX). Nevertheless, these strategies demonstrated insufficient clinical efficacy
in vivo, leading to a reorientation of research approaches toward the use of transcriptional
regulation via the albumin promoter (without genomic integration) in AAV-mediated gene
therapy systems [312–314].

Pilot studies suggested that the region of the albumin promoter (PAlb) lies between
−31 and −213 and contains six potential cis-acting elements, divided into distal (DE)
and proximal (PE) [309,315,316]. The regulatory regions of the promoter include the
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TATA box, CCAAT box, PEI, PEII, DEI, DEII, and DEIII (Figure 4A). The TFs responsible
for transcriptional activity of the albumin promoter include HNF1, C/EBP, DBP and
nuclear factors Y and 1 (NF-Y and NF-1). It has been established that promoter regions are
highly conserved in rat, mouse, and human albumin genes. The characteristic pattern of
DNA–protein interactions observed in these promoters is preserved throughout evolution,
reflecting the presence of hepatocyte-specific transcription factors that have been conserved
over time [317].

Figure 4. Promoters based on Alb gene. (A)—−213 bp albumin promoter and −10.5 kb enhancer
regions. (B)—mAlb promoter composed of mAlb promoter with 3 copies of HNF3/eG-TF. (C)—mAlb
promoter composed of mAlb promoter with MERII enhancer. (D)—DC190 promoter composed of
hAlb promoter with hProthrombin enhancer. (E)—gAlb promoter composed of general Alb promoter
with SV40 enhancer. (F)—HCB promoter composed of xAlb promoter with consensus TSS, AbpShort
and HNF1. (G)—GT001 vector composed of xAlb promoter, cAAT and 16 bp HCR1.

Considering the functional significance of transcription factor-binding sites, it is noted
that deletion of the HNF1 site completely blocks both promoter and enhancer activity [318].
Originally, this proximal region was identified as a negative regulatory element (NRE),
owing to the presence of a GATC motif susceptible to methylation. Studies employing
methylatable bacterial strains for plasmid preparation revealed a threefold reduction in
transcription, underscoring the pivotal roles of HNF1 and epigenetic regulation [315]. The
NF-Y site mutation reduces promoter activity by half, but distal enhancers can partially
compensate for this effect. The C/EBP(GCAA) site mutation at position −124 leads to a
15-fold reduction in transcription, demonstrating the key function of C/EBP factors.

Analysis of 5′-deletions in the rat albumin promoter has revealed that the size of the
promoter region is crucial for its function. A minimal construct extending to −84 bp, with
or without a 2 kb albumin enhancer and containing the HNF1 and TATA box, exhibits
only low-level activity. For full tissue specificity and proper responsiveness to enhancers,
a promoter region extending to −170/−175 bp is required [318,319]. Comparison of
variants of the human albumin promoter in reporter adenoviral vectors identified fragment
−173/+36 as the most active, demonstrating high promoter activity in Hepa1–6 mouse
liver cells (Figure 4E). The −247/+36 variant showed the lowest activity, indicating the
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presence of negative regulatory elements in the −247/−173 or unfavorable interaction
with the SV40 enhancer used in the study [310].

Several studies reported that the albumin promoter, when paired with its native
enhancer, yields only modest levels of expression in vivo [141,320]. However, when regu-
latory elements from the albumin promoter, including modified variants, are combined
with enhancer and promoter regions derived from other highly expressed liver genes, the
resulting constructs achieve substantially higher levels of transgene expression.

The albumin enhancer (EAlb), located between −8.5 and −10.5 kb upstream of the
transcription start site, harbors functional domains—eH-TF, C/EBP, HNF3, and NF-1—that
serve as binding sites for liver-specific transcription factors, including HNF4A, C/EBPα,
and FOXA2 [321–323]. This enhancer regulates the promoter by interacting with proximal
elements: HNF1 directly activates the promoter, while architectural factors such as HMG-
I(Y) and NF-Y fine-tune activation through chromatin looping, thereby ensuring robust
and stable transgene expression in the liver [318,324,325].

It was identified that the region located further upstream, −12/−11 kb, is a silencer,
as it inhibits transcription in the case of both the homologous albumin promoter and the
heterologous herpes simplex virus thymidine kinase promoter (HSV-TK promoter) [326].
In the region −10,284/−9904 bp, point mutations in the C/EBP, C/EBP-RF, HNF3, and
eH-TF sites impede enhancer function, and deletion of the eH-TF site completely negates
activity, indicating the need for cooperative interaction of all these factors for maximum
liver-specific expression [326]. Experiments demonstrated that the albumin enhancer Ealb
(−10,500/−8500 bp, 370 bp) has limited effectiveness on its own and only functions with
robust support, which was employed to construct the EalbAAT promoter mentioned above
(Figure 2C) [141,154]. Understanding the critical role of various regulatory elements has
allowed researchers to create optimized promoter constructs for the expression of reporter
systems and transgenes.

In several studies the modified mouse albumin promoter (−787/+8 bp) was enhanced
by three copies of HNF3/eG-TF binding sites its enhancer region (Figure 4B) [327,328].
This ensures high expression of biologically active human factor VIII/hAAT in HepG2 cells
and animals, using retroviral and adenoviral vectors [245,329–331].

The minimal mouse albumin promoter (−281/+39 bp), coupled with the α-fetoprotein
enhancer (MERII) (Figure 4C), the 5′ intron of factor IX, and the 3′ intron of albumin
(3′iALB), achieves stable secretion of alkaline phosphatase in mouse liver, matching the
CMV promoter’s efficiency for a full year. The inclusion of 3′iALB after the coding region
increases expression fivefold compared to variants without it, whereas the distal albumin
enhancer in the construct (−10,284/−9904 bp) does not provide long-term activity [320].
The recombinant human liver-specific DC190 promoter contains the human albumin pro-
moter (−486/+20 bp). To enhance transcriptional activity, two tandem copies of the
human prothrombin enhancer (−940/−860 bp), a hybrid intron (three-way adenovirus
donor leader/mouse immunoglobulin acceptor) and a BGH polyA signaling sequence
for transcript stabilization (Figure 4D) [256,332–334]. Using the DC190 promoter in the
AAV2/DC190-αgal construct, the expression of α-galactosidase A in mouse livers increased
by 15-fold compared to the CMV promoter [335]. The addition of the hAAT intron further
increased transgene expression due to splicing optimization and mRNA stabilization.

The promoter of the frog (Xenopus laevis) albumin gene, containing a 13-nucleotide
HP1 element (CNXNNTTINNNNNC) and a TATA box, was used as a minimal liver-
specific promoter capable of sustaining expression in hepatocyte cells in vitro. At the
same time, proximal NF-Y/CCAAT, HNF1 and other sites are not essential components
of the construct. Similar HP1 motifs have been found in the promoters of mouse and
human albumin, α-fetoprotein, fibrinogen beta chain, and α1-antitrypsin genes, demonstrating
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significant evolutionary stability of this element [336]. The frog Alb promoter was used in
the clinical trial of the gene therapy drug for hemophilia A–ASC618 (NCT04676048) as part
of the minimal synthetic promoter HCB (HNF1-AbpShort-SynO-TSS, 146 bp). It consists of
SynO (41 bp) from the 5′ UTR of X. laevis albumin as the core promoter, AbpShort (61 bp),
a truncated α-microglobulin enhancer, a consensus TSS (Figure 4F) and provides 14 times
greater FVIII activity compared to the clinically used HLP promoter (252 bp) in the AAV-
FVIII [214]. Similarly, in the hemophilia A therapy (GS1191-0445) using the AAV8 vector, a
modified frog Alb promoter (−66/+38, xAlb) was combined with elements from dog AAT
(cAAT) and human AAT (hAAT), along with a synthetic enhancer (Figure 4G) [218].

8. Promoters Based on AFP Gene

Alpha-fetoprotein (AFP) is a serum glycoprotein, a member of a multigene family
that also includes the albumin gene, which is closely linked to it [337]. During embryonic
development, AFP is actively expressed in the visceral endoderm of the yolk sac, the fetal
liver and the gastrointestinal tract, but after birth, AFP expression in the liver decreases
sharply to practically undetectable levels—the concentration of AFP mRNA decreases by
104 times 3–4 weeks after birth [324,338,339]. Paradoxically, this limitation makes AFP a
perfect tool for cancer-selective therapy. In hepatocellular carcinoma, AFP is reactivated in
about 70–80% of cases. This creates a unique opportunity to target tumor cells specifically,
without harming healthy liver cells [340–342]. For liver-specific delivery to healthy hepato-
cytes, hybrid constructs are developed. These combine AFP enhancers with constitutively
active liver-specific promoters, allowing the powerful enhancer properties of AFP elements
to be utilized while maintaining the ability to express in healthy hepatocytes.

The AFP promoter region can be divided into two main classes of regulatory elements:
the proximal tissue-specific region (−85/−52 bp from the transcription start site) and
distal enhancers (−7.6/−1.0 kb), both of which are critical for transcription and tissue-
specific expression of AFP. The enhancer domain is represented by three functionally
independent elements (I: −1.0 to −3.8 kb; II: −3.8 to −5.3 kb; III: −5.3 to −7.6 kb), which
have significant functional redundancy and function independently of their position and
orientation relative to the promoter. The most active region is the most proximal element I
(−3.8/−1.0 kb), which enhances transcription from the HSV TK promoter by 50-fold [343].
In addition to the activating elements, two repressor sites (−1822/−951 and −402/−169 bp)
have been identified, the former being more active and capable of blocking the action of
enhancers [344]. Distal enhancers need a PCE (promoter-coupling element) to function
properly. This element activates HNF1-binding sites and ensures that distant enhancers
interact with proximal promoter elements [318]. AFP regulation is characterized by the
involvement of classical liver-specific transcription factors, including HNF1, C/EBP and
other hepatocyte nuclear factors [214,243]. The minimal proximal promoter AFP mouse
(61 bp) was tested in a study to develop a promoter for hemophilia A gene therapy. In
a construct containing AbpShort-HP1-AFP-TSS, the minimal promoter demonstrates a
significant increase in expression in vitro [214].

9. Promoters Based on TBG Gene

Thyroxine-binding globulin (TBG) is a liver-derived glycoprotein responsible for the
transport of thyroid hormones in blood serum. Since TBG is predominantly synthesized
in hepatocytes, its promoter has become a key tool for achieving tissue specificity in gene
therapy for inherited liver diseases. Minimal promoter activity is observed in non-target
tissues, including the spleen, kidneys, and large intestine [149].

The structural and functional organization of the TBG promoter has been analyzed
since 1993 [345]. The key HNF1 site at positions −77/−65 bp is the most critical, as its

https://doi.org/10.3390/cells15010014
67



Cells 2026, 15, 14

mutation completely eliminates promoter activity. Additionally, there are a TATA box
(+26 bp), C/EBP, an NF-1 site (−175 bp), and several AP-1 and HNF3 sites associated
with tissue specificity. TBG promoter variants with different lengths were characterized in
order to discover the most active variant. The study tested three additional TBG promoter
fragments TBG1 (−253/−26 bp), TBG2 (−635/−26 bp) and TBG3 (−1190/−26 bp) and
compared them with the original −435/−26 bp fragment. The shortest fragment, TBG1,
showed a strong drop in activity, while extending the promoter to −635 bp slightly in-
creased expression; however, further extension to −1190 bp reduced activity again. The
−435/−26 bp fragment proved to be the most effective and practical, providing high
transgene expression without unnecessarily increasing construct size [149,345,346].

Based on TBG, the liver-specific promoter (LSP) has been created, combining the
−382/+3 bp fragment of TBG, two copies of the AMBP enhancer (α1-microglobulin/bikunin,
−2804/−2704) and the 71 bp leader sequence [347]. LSP is actively used in AAV vectors
for the treatment of hemophilia A and B. In animal model experiments, it provides stable
expression of coagulation factors and correction of the disease [51,256,277,348–350]. A
dual-vector system has been created to treat hemophilia A. It separately expresses the
heavy and light chains of FVIII using vectors controlled by the LSP (659 bp). This system
demonstrates equivalent efficacy to the single-vector approach using a short synthetic
368 bp IGBP (insulin-like growth factor-binding protein) promoter [351].

In clinical studies, AAV8.TBG.hARSB therapy with two copies of 101 bp of the AMBP
enhancer and the −474/+3 region of the TBG promoter maintained 38–67% of normal
arylsulfatase B (ARSB) activity in patients with mucopolysaccharidosis type VI (MPS VI)
during 45 months of follow-up [219]. In the treatment of Pompe disease, ACTUS-101
gene therapy utilized LSP to express α-glucosidase. Safety and sustained increase in GAA
levels in patients in phase 1/2 was demonstrated [222]. Hemophilia B (DTX101) therapy
with LSP in AAVrh10 reduces the annual bleeding rate by 71% and provides sustained
factor IX activity > 5% in 82% of patients after 24 months [221]. However, the primary
endpoint of the clinical trials in terms of IX activity level was not achieved, and the therapy
was discontinued.

TBG promoter with AMBP enhancer (680 bp) and Kozak-like sequence in the construct
for the treatment of ornithine transcarbamylase deficiency (OTCD) (scAAV8.TBG.hOTCco)
provides 60% of normal OTC activity on day 28 [225].

10. Synthetic Promoters

Over recent decades, the rapid development of computational approaches analyzing
regulatory element conservation and multi-omics data has enabled rational design of
fully synthetic regulatory elements. Omics datasets (particularly ChIP-seq for profiling
histone modifications and TFBS, ATAC-seq for assessing chromatin accessibility, as well as
spatial and single-cell transcriptomics) provide valuable insights into regulatory grammar
and the development of synthetic promoters. These datasets allow the identification of
natural regulatory elements, evaluation of their activity, and subsequent application to
bioinformatic tasks such as classifying sequences as promoter or non-promoter, predicting
promoter activity, and generating de novo promoters.

Promoter design typically involves an iterative process of sequence generation, activity
prediction, and subsequent optimization. Various deep learning approaches, such as
convolutional and recurrent neural networks, are used to identify and enrich synthetic
constructs with motifs specific to the target tissue. The current state of these approaches
is reviewed by Wang et al.; in this work we focus on tools and synthetic constructs for
liver-directed applications [352].
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For enhancer identification, a hybrid neural network, Enhancer-CRNN was devel-
oped [353]. Trained on publicly available histone modification data, it accurately localizes
natural enhancers, including those in the HepG2 cell line.

DeepLiver, a hierarchical convolutional neural network, was trained to predict en-
hancer activity and hepatocyte zonation using multi-omics data [354]. The model identified
key transcription factor motifs, such as HNF4A, C/EBPa, HNF1A, FOXA1, and AP-1,
as drivers of enhancer activity, and its predictions strongly correlated with experimental
MPRA data, including for synthetic sequences.

The CODA platform generates 200-bp synthetic enhancers for three cell lines (HepG2,
K562, and SK-N-SH) based on activity predictions from the Malinois convolutional neural
network, followed by sequence optimization [355]. Analysis of the optimized sequences
showed enrichment of binding sites characteristic for the target cell types; for HepG2,
these included TFBS for HNF1B and HNF4A. Subsequent testing in transgenic zebrafish
demonstrated liver expression in 27 out of 36 cases.

Regarding the practical application of synthetic constructs, the Lxp2.1 promoter was
designed to ensure selective transcriptional activity in hepatocytes and comprises a minimal
promoter supplemented with two enhancer elements. Its structure contains three binding
sites for HNF1, two sites each for HNF3 and HNF4A, and one site for SP1. The Lxp2.1
promoter is part of the vector systems BBM-H901, the first gene therapy for hemophilia B
approved in China for clinical use, and BBM-H803, a gene therapy for hemophilia A [229].
Notably, during therapeutic development, the arrangement and relative spacing of binding
sites have been shown to play a major role in the efficiency of synthetic constructs.

Another example of a synthetic construct is the 54-bp Em enhancer, incorporated in
a construct developed for ZS802 hemophilia A gene therapy [189]. This enhancer was
used in combination with the human AAT core promoter and contains HNF4A, C/EBPa/b,
FOXA2, HNF1A/B, and D site-binding protein (DBP). The AAT core promoter was also
used in G6PC_COMP_v1 and G6PC_COMP_v3. The synthetic sequences contain TFBS,
which increase expression in hepatocytes up to 20-fold over the LP-1 promoter [172]. The
TFBS are organized as consecutive pairs: HNF1/HNF3, HNF3/HNF3, and C/EBP/HNF4,
separated by spacers.

Although we cannot precisely determine how the promoters described above were
rationally designed, fully synthetic promoters nonetheless constitute an important tool.
Their further development may be more effectively aided by design methods based on
neural networks.

11. Conclusions and Future Prospects

The importance of the liver as a central metabolic organ cannot be overstated. The
large number of secreted proteins, the maintenance of balance between carbohydrate and
lipid metabolism, and its special immune status make the liver an attractive target for gene
therapy for various diseases. Current strategies for developing promoters for gene therapy
build on fundamental principles of the liver’s regulatory network. More specifically, these
strategies are based on the interaction of transcription factors with natural promoters of
tissue-specific and highly expressed genes. Despite significant progress in identifying
many specific regulatory elements, our current knowledge does not allow us to precisely
and flexibly regulate expression, which is necessary for a number of metabolic diseases.
Furthermore, researchers face several challenges in developing liver-directed gene therapies
due to inherent limitations of delivery vectors.

Early attempts at liver-directed gene therapy faced significant hurdles related to pro-
moter choice. The use of adenoviral vectors was complicated by the rapid loss of transgene
expression when driven by strong ubiquitous promoters, including viral ones [356,357].
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Although the use of liver-specific promoters was a shift to reduce the overall immunogenic-
ity of the vector resulted in a more stable and prolonged therapeutic levels of transgene
expression, these promoters failed to eliminate the immunogenicity of the adenoviral
vector itself, and loss of transgene expression persisted [258,358–362]. Similarly, initial
studies using AAV vectors with viral promoters also failed to achieve stable, high-level
transgene expression in target tissues like the liver and muscle [33,143,363,364]. A critical
turning point was the discovery that ubiquitous promoters increases the risk of inhibitor
formation against the expressed transgene, whereas liver-specific promoters facilitate the
immune tolerance [259,365]. In 1999 a seminal research study demonstrated the use of a
liver-specific LSP in an AAV vector, achieving stable FIX expression in mice at levels up to
10 μg/mL—twice the normal human physiological concentration [347]. Subsequent studies
showed that liver-specific promoter expression could induce transgene-specific immune
tolerance, underscoring the safety and efficacy of AAV vectors in gene therapy [259,275,366].
Transgene expression in the liver is actively applied in therapies in which the therapeutic
protein needs to perform its physiological effect in muscle cells, such as in Pompe dis-
ease. Directing expression to the liver serves to induce immune tolerance, since the use
of muscle-specific or ubiquitous promoters leads to the formation of transgene-specific
neutralizing antibodies, as observed in clinical trials of AAV1-CMV-GAA [367–369].

To enable dual expression in the liver and muscles, new promoters such as LiMP (liver–
muscle promoter) have been developed. LiMP combines the previously characterized
strong liver-specific HCR1-hAAT promoter with the spC5.12 promoter, which is active in
skeletal and cardiac muscle. The promoter was utilized in preclinical trials for the treatment
of Pompe disease and MPS IVA (mucopolysaccharidosis type IVA) [370–372]. To date,
all approved liver-directed gene therapies are based exclusively on the delivery of AAV
vectors. mRNA delivery via lipid nanoparticles (LNPs) is also being actively developed and
is currently in clinical trials However, mRNA delivery cannot provide sustained expression
and requires regular drug administration [373].

An additional advantage of using liver-specific promoters in AAV vectors is their
potency to induce immune tolerance in subjects with pre-existing antibodies, which may
be highly relevant in human therapy [51,366,374]. Currently, the presence of neutralizing
antibodies to the transgene in patients is the exclusion criteria for gene therapy. How-
ever, there are encouraging results suggesting the possibility of eliminating pre-existing
neutralizing antibodies with appearance of the transgene therapeutic activity in the same
time in humans, as recently demonstrated in clinical trials of BMN 270 gene therapy
(NCT04684940) [53]. All these results highlight the critical role of liver-specific promoters
in ensuring the efficacy and safety of gene therapy.

Despite greatest frequency of liver-specific promoters to use in tissue-specific gene
therapies and the diversity of their variants, the most of liver-specific promoters are based
on just three genes including AAT, TTR, and TBG [140]. Up to half of the gene therapies
presented in this review utilize promoters based on AAT (48.7%), 20.5% on TTR, 7.7% on
combinations of AAT and TTR, and 10.3% on TBG (Table 1). It should be noted that all three
AAV-mediated liver-directed FDA approved gene therapies use liver-specific promoters
based on human AAT promoter with ApoE/HCR1 enhancer, including Hemgenix, Beqvez,
and Roctavian. Although these promoters proved their effectiveness, new promoter vari-
ants based on other genes and/or computational technologies need to be developed to
improve the efficacy of gene therapies.

In summary, our data indicate that a universal strategy for designing liver-specific
promoters is to adopt the architecture of highly expressed hepatic genes and to reduce
it in a rational way. In most cases, such promoters are constructed by truncating natural
sequences to minimal functional regions, by varying their length, and by testing expression
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constructs in vitro [375]. TF footprinting is an informative tool for rational truncation.
Three widely used promoters (AAT, TTR, TBG) contain TFBS that are strongly associated
with high expression in vivo and in vitro: HNF1, FOX, CEBP, MyoD, LEF-1, LEF-1/TCFβ,
and Tal1β/E47 for AAT; HNF1, CEBP, FOX, LEF-1, LEF-1/TCF, and MyoD for TTR [241];
and HNF1 and HNF3 for TBG [345]. Preference is also given to promoters of genes that
show more predictable and stable expression. For example, the ALB promoter has not
been widely used, apparently because of its more complex regulatory organization and its
dependence on the physiological state of the liver parenchyma, including changes during
inflammation and nutritional stress [376,377].

Unfortunately, despite numerous studies investigating or creating promoters based
on the hAAT, TTR, and TBG genes, there is no information on a direct comparison of
all the promoters mentioned in this review within a single study. Comparing promoter
activity based on multiple studies is complicated by different study design approaches.
First, various reference promoters can be used to evaluate relative promoter activity, which
prevents general normalization to one specific promoter. Second, promoter activity can be
assessed both at the level of transgene mRNA and by the amount of reporter or therapeutic
gene protein. Third, various approaches can be used for transgene expression, including
both plasmid expression vectors and viral vectors, that also impacts expression efficiency.
Fourth, and most importantly, the activity of different promoters can be assessed in vitro
in various cell lines and in vivo in animal models. All these variables prevent direct
comparison of both the activity and safety of promoters based on the results of different
studies. However, with the development of sequencing technology, high-throughput
methods for screening promoters have become available, such as based on the creation of
barcoded libraries, that allow the activity of multiple promoter and enhancer elements to
be evaluated in parallel [150,378–380].

It was recently reported that the 2.2 kb GFAP (glial fibrillary acidic protein) promoter
provides the highest level of expression in the liver among a variety of strong ubiquitous
and liver-specific promoters, that was rather unexpected, since GFAP promoter is known
for astrocyte-specific expression in the central nervous system. An apparent limitation of
the GFAP promoter is a large length, and the currently existing truncated variants do not
provide the same activity [150,381]. It is also important to mention the previously described
promoters that have not yet found application in gene therapies, such as the ADH6 (class V
alcohol dehydrogenase) promoter, which has comparable activity to hAAT [266,382]; the
APOA1 promoter used in Ad vectors [254,358]; the APOC2 promoter, which is more than
6 times more active than APOA1 [255,383]; the IGBP promoter, which in combination with
2 copies of the AMBP enhancer provide similar to the HCR1-hAAT promoter activity [277];
the AHSG (or pp63 for rat, alpha-2-HS-glycoprotein) promoter, which provide greater activ-
ity compared to the β actin promoter [384]; the L-PK (liver-type pyruvate kinase) promoter,
which has activity similar to that of the mAlb promoter despite its short length [385]; the
ALDOB (aldolase B) promoter, which can be enhanced more than 100-fold by enhancer
regions within the intron [386]. In the future these promoters after optimization may find
an application in liver-directed gene therapy. However, for some promoters, a serious
limitation for application is the inducibility from external signals, such as cytokines IL-1
and IL-6 (acute-phase proteins) or hormones. The promoters of HP (haptoglobin) [387], Hpx
(hemopexin) [388], SERPINA3c [389], FGA (fibrinogen alpha chain) [390,391], FGB (fibrino-
gen beta chain) [392], PEPCK (phosphoenolpyruvate carboxykinase) [244,245], L-PK [385],
and CRP (C-reactive protein) [393] genes have weak basal activity without induction, but
at the same time can be extremely active in vivo depending on the body conditions, that
makes them difficult to control and unsafe for in vivo application. A promising solution
to this problem could be the modification/replacement of inducible regulatory sites and
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maintenance of always-on high promoter activity without regulation by external signals.
However, in practice such modifications often diminish not only inducible activity but also
basal promoter activity [387,391,392].

The use of strong liver-specific promoters can overcome barriers to the effective and
safe application of liver-directed gene therapies through increased transgene expression
and reduced viral load at the same time. The ideal promoter for gene therapy (not only
for liver-directed) should provide stable high tissue-specific expression levels with its
minimal size. However, in practical application, the choice of promoter is based on the
characteristics of the delivery vector. The use of scAAV or transgenes with a large CDS
greatly restricts promoter length, which can negatively impact its activity. Moreover,
recent studies suggest that the use of strong promoters may be undesirable, despite their
specificity. The utilization of a stronger promoter with a reduced vector dose results in a
greater metabolic load within a smaller number of transduced cells, which also negatively
affects expression stability. The strongest promoters can lead to unfolded protein response
(UPR), endoplasmic reticulum (ER) stress, loss of transduced cells, and the formation of
neutralizing antibodies to the transgene [34,203,394].

However, it is important to note that these studies were conducted in the context
of preclinical studies of AAV-mediated gene therapies for hemophilia A for endogenous
expression of factor VIII, which has low secretion efficiency and ability to induce UPR and
ER stress [395]. The results may also be influenced by the use of oversized vectors, the AAV
manufacturing platform, and the vector serotype [396]. This suggests that the immuno-
genicity of promoters should primarily be evaluated in the context of the characteristics
of the vector used, the expressed transgene, and the route of vector administration. Thus,
tightly regulated promoters of special interest could find wide application in the develop-
ment of gene therapies for metabolic diseases. However, to date, approaches to promoter
selection for the treatment of metabolic disorders or coagulation factor deficiencies do not
differ, focusing on stable high transgene expression.

A particularly attractive prospect for highly effective gene therapy is the ability to
regulate promoter activity in a controlled manner via internal stimuli—for example, to
stimulate insulin expression in response to elevated glucose levels or to reduce transgene
expression at supraphysiological levels [397]. Such features could significantly expand the
list of diseases suitable for gene therapy and increase safety. The use of synthetic promoters
remains limited at the current stage of genetic engineering development, although several
clinical applications have been presented in this review. The methods for generation of these
promoters are not always clearly established, but it can be concluded that they represent a
combination of well-known liver-specific TFBS. The most effective sequences and optimal
distances between them were experimentally determined for these sites. Attempts to create
synthetic promoters using deep learning technologies experience a number of challenges.
The key challenge is developing models that can accurately predict the correlations between
sequence features and promoter activity. The primary complexity is accounting for spatial
regulation, DNA structure and plasticity, and interactions with regulatory proteins. Large
amounts of specialized annotated genomic data are required to identify patterns and model
the complex spatial organization of regulatory elements. One challenge is the necessity
to develop models that can accurately predict the relationships between sequences and
their activity levels. The principal difficulty lies in accounting for spatial regulation,
DNA structure and plasticity, and interactions with regulatory proteins. Large amounts of
specialized annotated genomic data are required to identify patterns and model the complex
spatial organization of regulatory elements. In addition, the accumulation of MPRA data is
particularly important for model training, as it provides predictive power in the context
of synthetic sequences. Training exclusively on natural sequences faces the problem
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of limited data volume, which can be partially addressed through data augmentation
methods; however, their use may introduce distortions. Future research should focus on
developing new architectural solutions aimed not only at identifying specific sites, but also
at accounting for their interactions and generating diverse candidate sequences.

In summary, further development in the tissue-specific promoters area requires a
comprehensive multidisciplinary approach, involving fundamental research to a deeper
understanding of gene expression regulation, including epigenetic mechanisms. This also
suggests the need to study aspects of intrahepatic signaling, which plays a key role in
inducing cellular response and adaptation. In addition, a critical objective is to create
and improve computational architectures capable of effectively extracting and processing
information about complex epigenetic and signaling features. The accumulation of relevant
data will serve as the platform for developing more accurate models to predict activity and
generate synthetic constructs implemented in practical use.
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Abstract: Gene therapy is a promising approach to the treatment of various inherited diseases, but its
development is complicated by a number of limitations of the natural promoters used. The currently
used strong ubiquitous natural promoters do not allow for the specificity of expression, while natural
tissue-specific promoters have lowactivity. These limitations of natural promoters can be addressed
by creating new synthetic promoters that achieve high levels of tissue-specific target gene expression.
This review discusses recent advances in the development of synthetic promoters that provide a more
precise regulation of gene expression. Approaches to the design of synthetic promoters are reviewed,
including manual design and bioinformatic methods using machine learning. Examples of successful
applications of synthetic promoters in the therapy of hereditary diseases and cancer are presented, as
well as prospects for their clinical use.

Keywords: synthetic promoters; gene therapy; promoter design; eukaryotic promoters; gene expression

1. Introduction

Monogenic diseases, although individually rare, collectively affect a significant num-
ber of people, creating a substantial global health burden. These disorders, caused by
mutations in a single gene, are particularly suited for gene therapy, a promising strategy
based on delivering a functional copy of the faulty gene. The estimated prevalence of mono-
genic diseases is approximately 1.7–5 per 1000 neonates [1]. The cumulative economic impact
of these diseases is immense, with lifelong medical care and loss of productivity contributing
to significant costs. Gene therapy has already demonstrated its efficacy in treating various
rare genetic disorders, with notable examples including Leber’s congenital amaurosis [2],
spinal muscular atrophy [3], Duchenne muscular dystrophy [4], hemophilia A [5], and
hemophilia B [6]. It is important to note that despite the diversity of these diseases, all of
these therapies are based on the same underlying platform—adeno-associated viral (AAV)
vectors. This is largely attributed to the AAV vector’s broad tissue tropism and its favorable
safety profile. An AAV vector offers several advantages, including being non-pathogenic,
exhibiting a low propensity for genomic integration, and providing sustained transgene
expression over extended periods, making it versatile and effective for treating a wide
range of genetic disorders [7,8].

AAV vectors are also being explored for cancer treatment, with promising results
in preclinical studies [9–11]. Unlike conventional therapies, AAV vector-based strategies
can modulate or knock down specific gene expressions, offering targeted anti-tumor ap-
proaches. AAV vectors can transduce both dividing and non-dividing cells, making them
effective for targeting the heterogeneous cell populations within tumors. For example, in a
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xenograft mouse model of colorectal cancer, AAV vector-mediated delivery of interferon β

(IFNβ) successfully suppressed tumor growth. In glioblastoma, AAV vector-driven IFNβ

expression significantly extended survival in an orthotopic mouse model [12]. Additionally,
AAV capsids have been engineered to specifically target tumors, such as in the case of
Her2-targeting AAV vectors that enhanced specificity and reduced tumor burden more
effectively than conventional therapies like Herceptin [13].

Most existing gene therapies are delivered systemically, and high titers are used to
achieve effective expression, e.g., for Duchenne myodystrophy therapy, the therapeutic
dose is 1.33 × 1014 genome copies/kg, and for hemophilia A, the therapeutic dose is
6 × 1013 genome copies/kg. Potentially high titers can promote off-target transduction to
various organs such as the liver, which can lead to hepatotoxicity, immunotoxicity, and, in
extreme cases, death [14].

Reducing the viral load in AAV vector-mediated gene therapy is essential for minimiz-
ing immune responses, off-target effects, and toxicity while preserving therapeutic efficacy.
One approach is engineering AAV capsids with enhanced tissue tropism [15,16] that allows
for a more efficient targeting of specific tissues, such as the central nervous system [17] or
liver [18,19], thereby reducing the required dose. Additionally, localized delivery methods,
such as intravitreal [20,21] or intracerebral injections [22–24], can further reduce the overall
viral load by concentrating the therapeutic vector in the affected area, ensuring efficacy
with lower systemic exposure. However, local delivery of gene therapy is not always
feasible, especially when the disease affects multiple tissues or organs throughout the body.
While local delivery can be effective for disorders confined to a specific area, such as the
eye or a localized region of the brain, many genetic conditions require a more widespread
therapeutic effect. This is particularly true for metabolic diseases [25–29] where enzyme
deficiencies or other genetic defects impact various tissues, including the liver, muscles,
heart, and nervous system. Additionally, AAV vectors can be designed for systemic de-
livery but with transgene expression restricted to specific tissues, using tissue-specific or
synthetic promoters.

Currently, most gene therapy approaches using adeno-associated viruses (AAVs)
employ natural ubiquitous constitutive promoters such as CBA (chicken beta-actin), CMV
(cytomegalovirus), or CAG (a synthetic promoter consisting of the CMV enhancer, CBA
promoter, and rabbit beta-globin splice acceptor) [30]. While these promoters provide high
levels of transgene expression, their use comes with several drawbacks. Unlike tissue-
specific promoters, strong constitutive promoters are susceptible to extensive methylation,
leading to their inactivation and subsequent suppression of transcription [31]. Additionally,
the use of a strong promoter increases the risk of cytotoxicity due to overexpression
and/or off-target expression of the transgene [32]. There is also evidence linking the
presence of additional cis-regulatory sequences upstream of the transgene in the vector to
toxicity in immune-privileged areas like the eyes [33]. Moreover, transgene overexpression
may compete with the normal expression of other genes, disrupting cell metabolism and
function [30].

Retroviral vectors (including lentiviral vectors) were the first FDA-approved cell-based
gene therapy instrument (Kymriah, Novartis Pharmaceuticals Corporation, Philadelphia,
PA, USA) [34]. These vectors find their greatest application in ex vivo therapies: stem cell
gene therapy for the treatment of primary immunodeficiencies, as well as T-cell editing
to create immunotherapies [35,36]. The majority of these ex vivo therapies require high
expression efficiency of the transgene integrated into the genome and do not depend on
the specificity of expression because the desired cells are isolated from the patient’s body
and then manipulated in vivo, mediating the re-administration of the edited cells back into
the patient’s body [35,37]. For this reason, ex vivo gene therapies mediated by lentivirus
transduction are currently significantly prevalent using strong constitutive promoters
(EF1α, CMV, CAG, PGK, SFFV), and new stronger synthetic promoters are being developed
(MND, MCU3) [38,39]. Based on the mentioned general concept of ex vivo therapies,
which differ significantly from in vivo therapies with direct administration of the transient
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vector, examples of synthetic promoters for lentiviral vectors were omitted in this work.
However, it is important to note that synthetic promoters for lentiviral therapies are also
beginning to gain popularity. The need to use tissue-specific promoters for the physiological
regulation of transgene expression to avoid toxicity due to transgene overexpression has
been demonstrated in a number of primary immunodeficiency disease models [36]. The
creation of synthetic promoters is necessary in ex vivo therapies where expression only in
specific cell types is required, such as in the case of chronic granulomatous disease with a
number of synthetic promoters [36,40,41]. The use of tissue-specific promoters for lentiviral
vectors allows us to restrict the expression in certain cell types after the differentiation
from stem cells derived from a patient and transduced with vectors used for myeloid cells
(CD11B), macrophages (CD68), megakaryocytes (PF4, hGP6, hGP1BA), B cells (EμB29) or
erythrocytes (β-globin promoter) [37,40,42–47]. In vivo therapies using lentiviral vectors
with the required specificity of expression and reduced immunogenicity are also under
active development [37,38,48–50]. More information on lentiviral promoters, including
synthetic promoters, can be found in the review articles by Claire Booth et al. [36], Estera
Rintz et al. [37], Benjamin Houghton and Claire Booth [51].

Thus, although ubiquitous promoters are often used for their simplicity and efficiency,
they come with disadvantages such as uncontrolled expression and potential toxicity. A
more effective solution is to use tissue-specific natural promoters, which allow for more
targeted and regulated expression and minimizing off-target effects. Alternatively, the
development of new synthetic promoters designed for the precise control of transgene
expression could further enhance the safety and efficacy of gene therapies.

All the above limitations necessitate research to design and explore new promoters
to realize effective and safe gene therapies for diseases. Therefore, the aim of this review
is to highlight the latest scientific advances in the field of synthetic promoter design and
application as one of the directions in improving the effectiveness of gene therapies.

2. Natural Promoters

2.1. Structure of the Eukaryotic Natural Promoter

A promoter is a DNA sequence that is recognized by RNA polymerase and serves as a
transcription start site. Promoter activity is traditionally understood as a quantification
of gene expression in the form of mRNA and protein molecules. Higher levels of mRNA
can be produced from a vector with higher promoter activity. In other words, the same
quantity of therapeutic protein can be generated using a lower quantity of the vector in the
case of higher promoter activity.

The eukaryotic natural promoter consists of a core promoter region, also called the
minimal promoter, and proximal and distal promoter regions (Figure 1). The core promoter
for RNA polymerase II is generally defined as the set of sequences that is sufficient for
the assembly of a pre-initiation complex, and for exactly specifying the point of transcrip-
tional initiation in vitro [52]. The study of core promoters has led to the discovery of the
major constituent motifs such as the TATA-box (although the TATA-box is the best known
core promoter motif, it is present in only 10–15% of mammalian core promoters [53,54],
BRE (TFIIB recognition element) and Inr (initiator)) [55]. In addition, enhancers and si-
lencers are DNA regions that can attract factors that interact with other elements involved
in transcription.

Emami et al. [56] showed the existence of different classes of core promoters depend-
ing on the presence of certain regulatory elements in them. The type of promoter is defined
by the presence of a TATA-box or other motifs (e.g., BRE) that regulates enhancer/promoter
interactions. Some enhancers have been shown to mainly affect TATA-dependent promot-
ers, while others prefer promoters with other motifs [57,58]. This specificity of enhancers
is related to the selectivity of associated transcription factors. The most common core
promoter motif is the initiator Inr, which includes the TSS (transcription start site) and has
a consensus sequence [59].
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Figure 1. Functional model of transcription initiation at genomic promoters. The eukaryotic natural
promoter consists of a core promoter, and proximal and distal promoter regions. The core promoter
attracts a set of basic transcription factors (TFs), TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH, and
recruits RNA polymerase II. The proximal promoter region is formed by a set of cis-regulatory
elements that bind to additional TFs, enhancing or weakening transcription. The distal region,
represented by the enhancer or silencer, is located several kilobases away from the core promoter
and mediates regulation of transcription levels by recruiting transcription factors (TFs) and cofactors
(COFs). Vertical dashed lines indicate the boundaries between different promoter regions. Arrows
show the influence of proximal and distal regions on the core promoter associated with basal TFs.

Transcription initiation of protein-coding genes occurs when RNA polymerase II
binds to DNA with the participation of “basal” transcription factors: TFIIA, TFIIB, TFIID,
TFIIE, TFIIF and TFIIH. The main basal transcription factor TFIID consists of TBP and
TAF (TBP-associated factors recognizing Inr) and is involved in the recognition of core
promoters [60]. The basal transcription factor TFIIB binds to the sequences of the BRE
motif of the core promoter. The other basal factors bind to the core promoter after TFIIB
and TFIID and participate in the initial steps of transcription. The required combination of
transcription factors is different for promoters with different regulations. Thus, the set of
basal TFs required for the transcription of one promoter cannot ensure transcription from
another promoter.

The presence of the core promoter is a sufficient condition for the initiation of
transcription [61], but ensures its low basal level [52]. The level of transcription depends
on many factors, including chromatin packing density and the location of additional reg-
ulatory elements [62]. Some of these elements are close to the core promoter and form
the proximal promoter region, while others are located a few kb away and form the distal
promoter region.

The proximal promoter region is a several-hundred-nucleotide long sequence formed
by cis-regulatory elements. Cis-regulatory elements (CREs) are sequences that bind various
transcription factors, which can repress or enhance transcription by binding to DNA. Types,
number, and location of cis-regulatory elements in the proximal and distal regions of the
promoter affects its activity [63]. The set of CREs associated with a gene, as well as the
specificity and availability of TFs that bind to them, determine the promoter as tissue-
specific or ubiquitous. Tissue-specific promoters provide targeted expression in specific
tissues or cells and are often associated with low levels of activity, whereas ubiquitous
promoters provide widespread expression and are associated with higher activity level [64].

Distal promoter elements include enhancer and silencer sequences, which can be
identified by chromatin modifications, including histones [65], and by the bidirectional
transcription of enhancer RNA (eRNA) [66,67]. Enhancers affect the level of transcription
from the core promoter regardless of their location and orientation [68]. Contact between
the core promoter and distal enhancer is ensured by the three-dimensional structure of
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chromatin and determines the promoter activity [69]. Enhancers bind to TFs, which interact
directly with DNA, as well as to transcriptional cofactors that affect transcription levels
indirectly through TFs [67]. An increase in the level of transcription can be achieved by
accelerating initiation by stabilizing the pre-initiator complex through the action of TFs or
cofactors attracted by enhancers [70].

Thus, the location of CREs and their availability for binding by TFs in proximal and
distal promoter regions are key factors for the regulation of gene expression levels. The
identification of natural CREs and the creation of synthetic sequences are urgent tasks of
molecular and synthetic biology.

2.2. Modern Approaches for Recognizing CREs

Modern approaches to the creation of synthetic tissue- and cell-specific promoters are
based on the identification of naturally occurring unique CREs, which are active in specific
cell types. However, the precise boundaries of these promoters are often not well defined,
presenting a significant challenge in the fields of synthetic biology and bioinformatics.
The identification of promoters can be achieved through both laboratory methods and
computational approaches based on genomic data.

Promoters may be identified using the “trapping” technique [71]. The method is based
on the random integration of a reporter gene into the genome. Since the reporter gene
lacks its own promoter, it will only be expressed if it integrates near an active endogenous
promoter. Measuring the expression level of the reporter gene provides insights into the
activity of the promoter. A limitation of the classical approach is the frequent integration
of the vector outside the promoter, making the process time-consuming. Nevertheless,
the approach continues to improve: a recently developed vector with a bicistronic system
allows for increased efficiency in promoter detection [72].

Other techniques such as chromatin immunoprecipitation followed by sequencing
(ChIP-seq), formaldehyde-assisted isolation of regulatory elements (FAIRE-seq), DNase I
hypersensitive site sequencing (DNase-seq), and assay for transposase-accessible chromatin
with high-throughput sequencing (ATAC-seq) allow for the detection of open chromatin
regions characterized by high transcriptional activity [71]. These methods are based on the
ability of active promoters to be less tightly packaged within nucleosomes, making them
accessible to specific enzymes and proteins. ChIP-seq helps to identify DNA regions bound
by specific transcription factors, such as p300, indicating the presence of active promoter
elements [73,74]. FAIRE-seq and DNase-seq isolate DNA regions in an open configuration,
which is a hallmark of active promoters [75,76]. ATAC-seq data, when combined with RNA-
seq, can provide insights into promoter accessibility and tissue specificity [77]. Moreover,
studying open chromatin regions can reveal new enhancers that drive expression in specific
cell subtypes [78–80]. For example, chromatin accessibility data have been compiled for
different cell types, allowing for the identification of enhancers specific to various cell
types [79].

Machine learning (ML) and deep learning (DL) approaches enable the identification of
not only elements with known motifs, but also hidden patterns within genomic sequences.
Tools developed before 2021 for promoter prediction in prokaryotic and eukaryotic genomes
are described by M. Zhang et al. [81]. Often, such models function as classifiers trained to
distinguish promoter sequences from non-promoter sequences. For E. coli, two tools, one
described by Le et al. [82] and the other being iPSW(2L)-PseKNC [83], not only recognize
promoters but also predict their strength by classifying them as weak or strong. Among the
tools with the highest efficiency and accuracy for predicting promoters of Homo sapiens are
Depicter and iProEP. Depicter utilizes convolutional neural network (CNN) architecture
comprising two one-dimensional convolutional layers, a one-dimensional capsule layer,
and a fully connected layer. This network was trained on sequences encoded via one-hot
encoding. iProEP is based on the classic supervised ML algorithm, the support vector ma-
chine (SVM). Notably, the authors combined structural information with physicochemical
properties using the positional correlation scoring function and pseudo-k-tuple nucleotide
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composition (PseKNC). PseKNC expands the k-mer nucleotide composition concept by
incorporating physicochemical properties of nucleotides.

A recent study implemented a hybrid approach in the PromGER tool [84], where the
authors utilized various nucleotide characteristics, such as chemical properties, nucleotide
density, pseudopotential, and probabilistic sequence distribution. Promoters were modeled
as graphs, where nodes represent individual promoter sequences, and edges indicate
potential interactions between them. By leveraging graph-embedding methods, the tool
extracts both local and global graph features, integrating them into a classification model
based on the CatBoost algorithm [85]. The hybrid model DeePromClass [86], which
combines layers of convolutional neural networks with long short-term memory (LSTM)
layers and regular expression search, demonstrated improved efficiency for identifying
human TATA promoters.

The identification of promoters across various genomes and their validation using
experimental methods has led to the development of databases. The EPD (The Eukaryotic
Promoter Database) and EPDnew [87] are the largest sources of experimentally validated
promoter sequences, including 29,598 Homo sapiens promoters. EPDnew also incorpo-
rates expanded data obtained through high-throughput technologies such as RNA-seq
and ChIP-seq. The TRRD contains information on transcriptional regulatory regions of
eukaryotic genes [88], while DBTSS provides transcription start site (TSS) positions in
human embryonic and adult tissues as well as in the mouse genome [89]. The FAN-
TOM consortium made a significant contribution by developing The FANTOM5 promoter
atlas [90], which includes data from over 1000 human and mouse samples, covering a wide
range of primary cells, tissues, and cancer cell lines. In the context of gene therapy, the
results on tissue-specific promoters, obtained using the CAGE technology, are particularly
useful as they allow for the precise mapping of TSSs by capturing the 5′ ends of mRNA.

Additionally, there are open-access databases dedicated to specific model organisms:
CEPDB for C. elegans; RegulonDB contains information on 4050 promoter sequences of
E. coli and other transcriptional regulators [91]; and DBTBS focuses on regulatory elements
of B. subtilis [92].

Accumulated data on promoter sequences with established effects on gene expression
now enable the application of computational approaches. These data can be utilized to
predict the functionality of synthetic constructs and to model the interactions between
regulatory elements.

3. Synthetic Promoters

Since tissue-specific natural promoters have limitations due to their large size and
low activity, and strong ubiquitous promoters lead to off-target expression, new synthetic
promoters are being actively developed to achieve high levels of transgene expression
in the target tissue in the absence of expression in other tissues. There are different ap-
proaches to create synthetic promoters, which can be categorized into two main strate-
gies: (1) the creation of synthetic promoters based on already available sequences (shuf-
fling/substitution/truncation of natural promoter sequences, addition of cis-elements
from other promoters, combination of regions of several promoters [93,94]), and (2) the
prediction of promoters using computational technologies [95]. CREs of natural promoters
are used as building blocks to create synthetic promoters by random ligation or rational
design [96]. Thus, the term synthetic promoter refers to a DNA sequence that does not exist
in nature, but which allows for the activation of controlled gene expression [94].

3.1. Synthetic Promoters’ Manual Design

The main challenge in the creation of synthetic promoters is to find out which elements
of the distal/proximal promoter and other UTRs (untranslated regions) determine its
activity [97]. The level of enhancer and promoter activity has been shown to be driven by
certain typical motifs, with increased promoter activity associated with transcription factor
binding, demonstrating a modular system of promoters [98]. Due to the modular promoter
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system, which allows it to be divided into separate functional elements, it is possible to
use the CREs of natural promoters to create new synthetic promoters, while preserving
their activity. Thus, a library of various cis-acting elements and core promoters can be
created [99].

In its simplest form, a synthetic promoter is a variant of a defined core promoter for
the binding of RNA polymerase II and major TFs and a set of upstream CREs specifically
conjugated to it. The main advantage of synthetic promoters is their tunability, i.e., the
ability to adjust the desired level of expression and specificity to different tissues by
selecting CREs [100,101].

One of the main limitations of natural promoters in their great length is solved by
removing the space both between different promoter regions and between different CREs
(Figure 2A). Often, low-conserved sequences are removed, and the significance of the
remaining fragments is confirmed by mutational analysis [102]. For example, the 2.2 kb
long human glial fibrillary acidic protein (GFAP) promoter was shortened in several steps
to a 681 bp long variant gfaABC1D, which has a 2-fold higher activity compared to the
original promoter [103]. However, if the CREs are too close, transcription factors may
compete for the binding site, resulting in a decrease in promoter activity and a drop in
expression level. A similar problem can occur if there is insufficient distance between the
core promoter and the CRE in the proximal region, as TF IIB may compete with other
transcription factors for binding to DNA [104]. Therefore, the required number of CREs
and the optimal distance between them should be determined experimentally.

Since it is possible to use the core promoters of various genes to create synthetic
promoters, it is necessary to characterize the core promoter, i.e., to define its region accu-
rately. The choice of a core promoter for the creation of a synthetic promoter is based on
the properties of the original natural promoter, including its activity. Thus, most of the
previously reported synthetic mammalian promoters are constructed from a small set of
core promoters, the most frequent of which is the minimal cytomegalovirus (minCMV)
promoter, and the main disadvantage of which is its high basal expression level. In order
to create highly specific promoters, core promoters of tissue-specific genes are increasingly
being investigated [109]. In a study to create a liver-specific synthetic promoter, the core
promoters SynO (a 41 bp fragment from the Xenopus laevis albumin 5′ UTR), which contains
an HP1 transcription factor binding site and TATA-box, and a 61 bp fragment of the 5′ UTR
of mouse α-fetoprotein (AFP) gene were used, to which various binding sites for liver-specific
TFs were additionally added. The authors found that with its small size (146 n), the HNF1-
AbpShort-SynO-TSS promoter (named HCB) had greater activity compared to the HLP
(hybrid liver promoter) promoter (Figure 2B) [110].

The addition of specific CREs to already characterized promoters, including core
promoters, makes it possible to increase their activity and tissue specificity of regulated
transgene expression. Promoters from different genes obtained by this approach are called
chimeric promoters. For example, the chimeric CMVenh/MLC1.5 promoter, consisting
of the enhancer region of CMV and part of the MLC1.5 promoter, increases luciferase
expression in the myocardium of the mouse’s left ventricle 50-fold compared to the CMV
promoter, while also changing the expression profile in other tissues [111]. Other authors
also found that adding the enhancer region of CMV to gene promoters resulted in greater
expression of the target protein [112,113]. Similarly, a highly active constitutive synthetic
CAG promoter consisting of the CMV enhancer region, a portion of the CBA promoter, and
a rabbit β-globin splicing acceptor was created [114]. The addition of randomly ligated
CRE regions of various myogenic TFs to the minimal skeletal muscle α-actin promoter
resulted in an SPc5-12 promoter that had up to a 10-fold higher activity than the original
α-actin promoter, while maintaining specificity to muscle cells [115].

An alternative way to increase promoter activity is to add CRE repeats in varying
amounts upstream of the core promoter, since increasing the number of bound transcription
factors increases transcription activity from a promoter obtained using this approach [99–101].
Typically, such promoters consist of tandem repeats of cis-acting elements that bind one
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or more types of TFs active only in the cell type of interest that are encoded upstream
of the core promoter [116]. An example is the anti-cancer 5HRE/hCMVmp promoter,
consisting of a minCMV promoter to which five repetitive HRE (hypoxia-responsive
element) sequences have been added upstream. The obtained promoter allows inducing
gene expression under conditions of low oxygen availability in cells, such as in solid
tumors [117]. Later, other researchers used this promoter to express VEGF (vascular
endothelial growth factor) and CBD (collagen-binding domain) in heart tissues to improve
cardiac function after myocardial infarction [118]. However, at a certain stage, it becomes
impossible to increase the copy number of a single CRE because after a certain number of
copies, further addition of copies leads to a decrease in transgene expression [119]. Another
problem of this approach is the long length of the synthetic promoter obtained in this way,
which complicates their application in the development of gene therapies.

Promoters containing combinations of different CREs, compared to promoters con-
taining copies of a single element, tend to show better expression and specificity. This can
be explained by two reasons: (1) the presence of several different CREs allows for the use
of different signaling and promoter activation pathways; and (2) some CREs are not active
by themselves but can form functional complexes with other regulating elements [99].

Figure 2. Synthetic promoter design. (A) Synthetic promoters’ manual design approaches. Design
approaches can be divided into rational design methods (truncation, chimeric/hybrid promoters,
tandem repeats of cis-regulating elements) and creation of promoter libraries by cleavage and random
ligation. (B) Creation of a synthetic promoter on the example of HLP. A 711 bp sequence was taken
from the HCR1 enhancer region of the apolipoprotein E gene (a) and fused to the hAAT promoter
region (−347 to +56) of the SERPINA1 gene (b), which resulted in the first ApoE-HCR1-hAAT 1.1 kb
promoter (c) [105]. The ApoE-HCR1-hAAT promoter was further shortened to 754 bp (d) by deleting
the last 373 nucleotides from the HCR1 enhancer (338 bp of HCR1 remaining) [106]. The 448 bp LP1
(e) promoter was derived from the 192 bp region of the HCR1 enhancer and the 255 bp region of the
hAAT promoter [107]. The final HLP (f) promoter in these series was obtained by adding a 29 bp
region from the ApoE-HCR1-hAAT 754 bp promoter to the 191 bp region of the hAAT and 34 bp
region of the HCR1 enhancer of the LP1 promoter [108]. The shaded arrows represent the strategies
division for creating promoters while the dashed lines indicate the succession of promoter regions.

Manual design methods have become widespread, and, to date„ all synthetic promot-
ers used in gene therapies have been created using this approach. However, this approach
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to create synthetic promoters implies a clear understanding of the functioning of individual
CREs and is labor-intensive. In recent decades, due to the development of computational
technologies, it has become possible both to define functional units of promoters and
to create new synthetic promoters based on generative models, which can significantly
simplify the design of synthetic promoters and ensure their greater use in the development
of new gene therapies.

3.2. Computational Design of Synthetic Promoters

There are two primary approaches to developing CREs using bioinformatics tools.
The first approach involves annotating natural non-coding regions of highly expressed
genes. Using available information about regulatory motifs, researchers either identify
their optimal combinations or enhance the sequence by enriching it with significant motifs
while removing potentially insignificant regions. This strategy not only preserves but, in
some cases, enhances CRE activity while reducing sequence length, thereby improving its
suitability for use in delivery systems This approach has been applied to various cell types,
such as pan-neuronal cells [120], as well as different eye tissues, including retinal ganglion
cells, bipolar cells, cones, and corneal cells [121,122]. The second approach assumes that
naturally occurring CREs may not be optimal for efficient regulation. An innovative
approach in the creation of synthetic promoters involves the use of generative algorithms,
enabling the design of novel promoters based on patterns learned from large annotated
datasets. These models include generative adversarial networks (GANs), variational
autoencoders (VAEs), and diffusion models.

The architecture of a generative adversarial network consists of two neural networks,
a generator and a discriminator, trained simultaneously in opposition to each other. The
discriminator learns to recognize natural promoters by identifying their attributes, while
the generator, starting from random or noisy sequences, aims to create new promoters. The
discriminator computes the probability that the generator’s output resembles the original
promoter dataset and sends feedback for noise adjustment. Through this process, the
generator learns to produce sequences classified by the discriminator as real promoter
sequences. This architecture allows for the creation of unique promoter sequences that differ
in nucleotide composition from natural ones, while retaining their functional characteristics.

The first application of GANs in promoter design was for E. coli [123], with exper-
imental validation via a reporter system demonstrating that over 70% of the generated
promoters were functionally active. Another example is the iPro-GAN tool [124], which
can not only generate new sequences but also classify promoters by strength, achieving
up to 92% accuracy on independent datasets. However, GAN models face several chal-
lenges. First, there can be an imbalance between the generator and discriminator, leading
to either overfitting or underfitting of the generator. Second, a critical issue with GANs
is mode collapse, where the generator, instead of producing a diverse range of sequences,
repeatedly generates similar ones due to a limited sample space successfully selected by
the discriminator.

To some extent, the diversity issue is addressed by the DeepSEED framework [125],
which allows for the generation of promoter flanking regions based on a seed sequence cho-
sen by the user. DeepSEED was trained on the HACER dataset, which includes enhancers
specific to various cell types. During training, HEK293 cell lines were used. Although
this approach does not yield more effective TF binding motifs (seed), optimizing the DNA
shape (minor groove width, roll, propeller twist, and helix twist) of the flanking regions
positively impacts promoter efficiency.

VAEs also consist of two components. The first, the encoder, transforms the input
sequence into a more compact representation, while the decoder reconstructs the sequence
with similar properties from this compact representation. This approach has been used to
design synthetic promoters in cyanobacteria [126]. The encoder can generalize features and
detect functionally significant promoter patterns, although excessive generalization may
lead to the loss of unique, essential regions. In a recent study, VAEs were used in conjunction
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with the gradient-based biological sequence optimization method Fast SeqProp [127,128].
Since nucleotide selection is a discrete process, direct gradient computation is not feasible.
To address this issue, Fast SeqProp employs the softmax straight-through estimator, which
allows for an approximation of the gradients. Additionally, distribution normalization
is applied to ensure stability during the training process. In vivo testing on mice and
zebrafish demonstrated that the resulting synthetic sequences exhibited greater efficiency
and tissue specificity compared to natural variants. To the best of our knowledge, this
study represents the first instance where synthetic promoters obtained using generative
models have been experimentally tested in mammals.

Promoter generation and strength prediction have also been implemented using
transformer architectures in tools like BERT-Promoter and msBERT-Promoter. In BERT-
Promoter, Shapley Additive Explanations (SHAP) analysis and a random forest classifier
were used for feature selection, while msBERT-Promoter utilized tokenization for feature
extraction and soft voting for classification. The training of the msBERT-Promoter model
was carried out in multiple stages. In the initial stage, bacterial sequences from RegulonDB
were employed, followed by fine-tuning using human sequences.

The diffusion probabilistic model, incorporating Markov chains, has shown the ability
to generate a wide variety of promoters while maintaining properties such as GC content,
k-mer frequency, and motif preservation. However, no experimental validation has yet
confirmed the functional efficacy of these promoters.

To facilitate the use of generative algorithms, a pipeline called GPro has been
developed [129], which allows for the integration of various architectures and the use
of custom or pre-prepared datasets. The pipeline aims to simplify the integration of
advanced architecture into new studies.

Thus, generative models trained on large-scale genomic datasets represent an effort to
create novel promoter constructs by learning patterns from existing data. However, these
models often assume that the learned patterns will be universally applicable across different
tissue types and conditions. This assumption can lead to unpredictable results, as promoter
activity in one tissue or condition may significantly differ from its function in another con-
text due to factors such as chromatin accessibility and nucleosome positioning. Moreover,
promoters are integral parts of regulatory networks, interacting with transcription factors,
enhancers, and other regulatory elements. For example, recent studies by Belokopytova
et al. [130] and Zheng et al. [131] proposed models for predicting promoter/enhancer
interactions based on epigenetic data.

In conclusion, while generative models offer powerful tools for designing new pro-
moters, the careful consideration of the biological context and validation in appropriate
systems is essential to ensure that the promoters function as intended without causing
undesirable side effects.

3.3. Synthetic Promoter Evaluation Methods

The use of new synthetic promoters obtained by both manual design methods and
computational approaches is limited by the need to evaluate their activity in live models
and compare them with available natural variants. There are many different experimental
methods for promoter characterization, the applicability of which usually depends on the
number of constructs under study. The methods also differ depending on the characteri-
zation being investigated, e.g., methods for investigating promoter tissue specificity may
differ from methods for investigating promoter activity.

When studying the characteristics of a small number of promoters, usually obtained
by manual design, it can be used to assess the expression level of a controlled transgene,
such as a reporter protein, in different cell cultures and tissues of the body. A classic method
for assessing promoter specificity and strength in vivo is the determination of luciferase
activity [115]. This method of promoter analysis can be performed in vitro using cell cultures
instead of animals [132], as this technique was originally developed [133]. Additionally,
RNA can be isolated from organs and the reporter gene expression levels can be assessed
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by RT-qPCR with normalization to housekeeping gene expression, which allows for the
estimation of promoter activity at the level of transgene mRNA synthesis [95,134]. In this
way, it becomes possible to assess the activity of the investigated promoter in different
tissues, i.e., its specificity. Other reporter systems can be used instead of luciferase [103,
110,135]. The advantage of methods based on the enzymatic activity of expressed reporter
genes is that these methods allow for the study of promoter characteristics quantitatively
and qualitatively directly at the level of protein expression rather than mRNA synthesis.
Despite their simplicity and efficiency, these methods are time-consuming and labor-
intensive, which severely limits their applicability to the simultaneous study of multiple
promoters. In addition to enzymatic activity, the expression of reporter genes in various
tissues can be assessed using antibodies in Western blotting and immunofluorescence [136].

To improve performance, methods for assessing promoter activity based on reporter
genes have evolved to utilize promoter libraries. A reporter gene as part of a library with
many different promoters is delivered to cells, and the resulting reporter protein signal is
detected using flow cytometry [137]. Cells can possibly be sorted by signal level (FACS)
and sequenced to identify more active promoters within libraries [116]. A limitation of
FACS is the inability to assess the tissue specificity of the promoters under study.

To study the characteristics of multiple promoters, high-throughput screening methods
are used, such as the use of vector libraries with unique barcodes after the stop codon
or before the start codon of the reporter protein used, which is under the control of the
promoter corresponding to the barcode. After sequencing, it becomes possible to estimate
the frequency of the occurrence of certain barcodes and, based on this fact, make conclusions
about the level of expression of the reporter protein under the corresponding promoter
and about the activity of the promoter itself. The described method (also called massively
parallel reporter assays) makes it possible to evaluate not only many individual promoters,
but also individual short regions of various promoters both in vitro and in vivo [98,137,138].

4. Synthetic Promoter Applications

Despite the widespread use of natural promoters in the production of vectors for
gene therapies [30,139], their use is complicated by the disadvantages discussed above.
The development of synthetic promoters remains relevant, as evidenced by their growing
presence in gene therapy clinical trials in recent years [139].

As previously mentioned, tissue-specific promoters have several advantages over
ubiquitous ones, primarily the ability to deliver vectors in lower and safer doses. Most
tissue- and cell-specific promoters currently employed in clinical trials are designed to
target the CNS, liver, eye, and muscle (Table 1) [30,140]. Currently, optimized versions of
natural promoters are predominantly used. They are mainly achieved using the following
strategies: (1) shortening of the original promoter by removing insignificant parts of
sequence, (2) adding one or several copies of enhancers, and (3) introducing modifications
(deletions, substitutions) aimed at increasing promoter activity (Table 1).

Table 1. Tissue- and cell-specific promoters currently used in clinical trials.

Gene of Origin Promoter Disease Specificity Design Therapy Trial Status

Liver-specific
TTR TTR Hemophilia B hepatocytes murine TTR pro-

moter/enhancer
SHP648 NCT04394286,

phase 1/2
terminated

Hemophilia B TTR pro-
moter/enhancer

AskBio009, Bax335 NCT01687608,
phase 1/2

active, not
recruiting

Wilson’s Disease murine TTR en-
hancer/human
TTR promoter +
SV40 intron

UX701 NCT04884815,
phase 1/2

active, not
recruiting

Hemophilia A truncated TTR
pro-
moter/enhancer

SPK-8011 NCT06297486,
phase 3

recruiting

Hemophilia A TTR pro-
moter/enhancer

Bax 888,
AAV8-BDD-
FVIIIopt

NCT03370172,
phase 1/2

active, not
recruiting
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Table 1. Cont.

Gene of Origin Promoter Disease Specificity Design Therapy Trial Status

ApoE, hAAT LP1 Hemophilia B hepatocytes truncated
HCR/hAAT
hybrid promoter
(448 bp)

AMT-061 NCT03569891,
phase 3

active, not
recruiting

LP1 Hemophilia B truncated
HCR/hAAT
hybrid promoter
(448 bp)

scAAV
2/8-LP1-hFIXco

NCT00979238,
phase 1

active, not
recruiting

HLP Hemophilia A truncated
HCR/hAAT
hybrid promoter
(252 bp)

BMN 270-301 NCT03370913,
phase 3

active, not
recruiting

HLP Severe Crigler
Najjar Syndrome

truncated
HCR/hAAT
hybrid promoter
(252 bp)

GNT0003 NCT03466463,
not applicable

recruiting

ApoE/
hAAT

Fabry disease enhancer and
HCR from
human ApoE
gene + hAAT
promoter +
modified
chimeric intron
(HBB-IgG)

ST-920 NCT05039866,
phase 1/2
follow-up

enrolling by
invitation

hAAT hAAT Wilson’s Disease hepatocytes hAAT promoter VTX-801 NCT04537377,
phase 1/2

recruiting

AAT, albumin EalbAAT Acute
Intermittent
Porphyria

hepatocytes albumin
enhancer + AAT
promoter

rAAV2/5-PBGD NCT02082860,
phase 1

completed

Albumin Albumin MPS I hepatocytes albumin
promoter

SB-318 NCT02702115,
phase 1/2

terminated

MPS II SB-913 NCT03041324,
phase 1/2

terminated

Hemophilia B SB-FIX NCT02695160,
phase 1

terminated

TBG TBG MPS VI hepatocytes TBG promoter AAV2/8.TBG.hARSB NCT03173521,
phase 1/2

not recruiting

TBG Late-onset OTC
Deficiency

TBG promoter DTX301,
scAAV8OTC

NCT02991144,
phase 1/2

completed

LSP Pompe Disease α1-
microglobulin/
bikunin enhancer
x2 + TBG
promoter

ACTUS-101,
AAV2/8LSPhGAA

NCT03533673,
phase 1/2

not recruiting

Combination HCB Hemophilia A hepatocytes combination of
TFBS + minimal
promoter SynO

ASC618 NCT04676048,
phase 1/2

recruiting

Muscle-specific
MCK CK8 DMD skeletal muscles optimized

MCK-enhancer +
optimized CK6
(enhancer 2RS5 +
proximal MCK
promoter)

SGT-001 NCT03368742,
phase 1/2

active, not
recruiting

SGT-003 NCT06138639,
phase 1/2

recruiting

MHCK7 Dysferlinopathy α-MHC-
enhancer +
optimized CK
cassette
(enhancer 2RS5 +
proximal MCK
promoter)

rAAVrh.74.MHCK7.
DYSF.DV

NCT02710500,
phase 1

completed

LGMD2E SRP-9003 NCT06246513,
phase 3

recruiting

DMD SRP-9001 NCT05881408,
phase 3

recruiting

LGMD2B/R2 SRP-6004 NCT05906251,
phase 1

active, not
recruiting

tMCK DMD enhancer 2RS5 x3
+ proximal MCK
promoter

PF-06939926 NCT04281485,
phase 3

active, not
recruiting

LGMD2D SRP-9004 NCT01976091,
phase 1/2
NCT00494195,
phase 1

completed

completed

CMT scAAV1.tMCK.NTF3 NCT03520751,
phase 1/2

suspended
(vector has not
been produced)

eMCK Pompe Disease MCK pro-
moter/enhancer
combination

AT845 NCT04174105,
phase 1/2

completed

Des Des LGMD2C skeletal muscles desmin promoter AAV1-gamma-
sarcoglycan vector
injection

NCT01344798,
phase 1

completed

X-Linked
Myotubular
Myopathy

truncated desmin
en-
hancer/promoter
(1.05 kb)

Resamirigene
bilparvovec, AT132

NCT03199469,
phase 2/3

not recruiting
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Table 1. Cont.

Gene of Origin Promoter Disease Specificity Design Therapy Trial Status

Pompe Disease desmin promoter rAAV9-DES-hGAA NCT02240407,
phase 1

completed

hCK hCK DMD skeletal and
cardiac muscle

hCK promoter fordadistrogene
movaparvovec

NCT05429372,
phase 2

active, not
recruiting

Combination Spc5-12 DMD skeletal and
cardiac muscle

combination of
TFBS (SRE,
MEF-1, MEF-2,
TEF-1) + chicken
skeletal a-actin
promoter

RGX-202 NCT05693142,
phase 1/2

recruiting

OPMD BB-301 NCT06185673,
phase 1/2

recruiting

Eye-specific
hRS1 hRS1 XLRS PRs native human

RS1 promoter
AAV8-
scRS/IRBPhRS, RS1
AAV Vector

NCT02317887,
phase 1/2

active, not
recruiting

hRPE65 hRPE65 LCA RPE truncated
hRPE65 (1.4 kb)

tgAAG76, rAAV
2/2.hRPE65p.hRPE65

NCT00643747,
phase 1/2

completed

NA65p LCA10 optimized
hRPE65
promoter
(757 bp)

AAV2/5-
OPTIRPE65

NCT02946879,
phase 1/2

completed

hGRK1/GRK1 hGRK1 LCA10 PRs(rods and
cones)

hGRK1 promoter EDIT-101,
AAV5.SaCas9
AGN-151587

NCT03872479,
phase 1/2

active, not
recruiting

GRK1 X-linked RP GRK1 promoter AGTC-501,
rAAV2tYF-GRK1-
RPGR

NCT06275620,
phase 2

enrolling by
invitation

hRK hRK X-linked RP PRs (rods and
cones)

hPK promoter Cotoretigene
toliparvovec,
BIIB112,
AAV8-RPGR

NCT03116113,
phase 2/3

completed

X-linked RP truncated hPK
promoter

Botaretigene
Sparoparvovec,
AAV5-hRKp.RPGR

NCT03252847,
phase 1/2

completed

Autosomal
Recessive RP

truncated hPK
promoter

AAV2/5-hPDE6B NCT03252847,
phase 1/2

recruiting

XLRS hPK promoter ATSN-201,
rAAV.SPR-hGRK1-
hRS1syn

NCT05878860,
phase 1/2

recruiting

human red opsin PR1.7 Achromatopsia PRs (cones) LCR enhancer
fragment + red
opsin promoter

(rAAV2tYF-PR1.7-
hCNGB3),
AGTC-401

NCT02599922,
phase 1/2

active, not
recruiting

(rAAV2tYF-PR1.7-
hCNGA3),
AGTC-402

NCT02935517,
phase 1/2

active, not
recruiting

Neuron-specific
hSyn1 hSyn1 MTLE neurons hSyn1 promoter AMT-260,

AAV9-hSyn1-
miGRIK

NCT06063850,
phase 1/2

recruiting

FTD AVB-101 NCT06064890,
phase 1/2

recruiting

mPGK mPGK Sanfilippo
Syndrome B

cortical neurons
and
oligodendrocytes

mPGK promoter rAAV2/5-
hNAGLU

NCT03300453,
phase 1/2

completed

MeCP P546 Batten Disease neurons truncated MeCP2
promoter (546
bp)

AT-GTX-502,
scAAV9.P546.CLN3

NCT03770572,
phase 1/2

active, not
recruiting

MeP426 Rett Syndrome MeCP2 core
promoter +
regulatory
elements (RE)

TSHA-102 NCT05606614,
phase 1/2

phase 1/2
recruiting

TTR—transthyretin; SV40—simian virus 40; ApoE—apolipoprotein E; AAT—human alpha-1-antitrypsin
(hAAT—human AAT); LP1—liver promoter 1; HCR—hepatic control region; HLP—hybrid liver promoter;
MPS I—mucopolysaccharidosis I; MPS II—mucopolysaccharidosis II; TBG—human thyroxine binding globu-
lin; MPS VI—mucopolysaccharidosis type VI; OTC—ornithine transcarbamylase; LSP—liver-specific promoter;
HCB—hepatic combinatorial bundle; MCK—muscle creatine kinase; DMD—Duchenne muscular dystrophy;
LGMD—limb girdle muscular dystrophy; alpha-MHC—alpha-myosin heavy chain; CMT—Charcot–Marie–
Tooth neuropathy; Des—desmin; hCK—human creatine kinase; OPMD—oculopharyngeal muscular dystrophy;
hRS1—human retinoschisin 1; XLRS—X-linked retinoschisis; PRs—photoreceptors; hRPE65—retinal pig-
ment epithelium-specific protein; LCA—Leber congenital amaurosis; RPEs—retinal pigment epithelial cells;
GRK1—G-protein coupled receptor protein kinase 1 (hGRK1—human GRK1); RP—retinitis pigmentosa;
hRK—human rhodopsin kinase; LCR—locus control region; hSyn1—human synapsin I; MTLE—mesial tem-
poral lobe epilepsy; FTD—frontotemporal dementia; mPGK—murine phosphoglycerate kinase promoter;
MeCP—methyl CpG binding protein 2.

However, the use of natural ubiquitous promoters or their optimized alternatives is
often limited due to their lack of specificity for cell types. Development of tissue-specific
promoters is especially important in gene therapies for eye and CNS disorders, given the
numerous subtypes of cells present in target organs [141–144]. In recent years, several
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strong synthetic tissue- and cell-specific promoters have been developed using strategies
of (1) random combination of various transcriptional CREs or (2) prediction of CREs with
bioinformatic methods. Some of such promoters obtained using the former method are
already in clinical trials, though they remain relatively rare [110,115]. In the last decade,
the great potential of computational methods for the design of promoters and enhancers
was demonstrated, but they have yet to make their way into clinical settings [121,145–148].
Still, many of the proposed promoters and enhancers have proven to be effective in mice
and primates [121,149–151].

4.1. Liver-Specific Promoters

For liver-specific gene delivery, promoters derived from alpha-1 antitrypsin (AAT),
transferrin (TTR), and human thyroxine-binding globulin (TBG) genes are frequently used
(Table 1). Early work on the development of liver-specific promoters focused on the use
of natural promoters of proteins highly expressed in the liver, such as human alpha-1
antitrypsin (hAAT) [152]. Later, a number of chimeric promoters were developed based
on the hAAT gene, providing specific delivery of the transgene to hepatocytes. One of the
first was the HCR/hAAT promoter, a hybrid of the hAAT core promoter and the hepatic
control region (HCR) of the apolipoprotein E/C-I (ApoE) gene locus [105]. Efforts to create
more compact constructs resulted in the 448 bp LP1, an improved version of the original
754 bp HCR/hAAT promoter, which provided higher transgene expression [107]. The HLP
(hybrid liver promoter) promoter, only 252 bp, later emerged as an even more compact yet
equally efficient option (Figure 2B) [108].

The ApoE/hAAT promoter is currently being used in clinical trials in a therapy
for Fabry disease (NCT05039866), as well as in the FDA approved hemophilia B drug
Beqvez [153]. Additionally, the LP1 promoter is being tested in several therapies for
hemophilia B (NCT00979238, NCT03569891). HLP is being utilized in clinical trials for
hemophilia A (NCT03370913, NCT03466463).

A recent study [110] applied a combinatorial method to engineer promoters by com-
bining fragments from promoter and enhancer regions into cassettes. The resulting short
HCB promoter (146 bp) demonstrated a 14-fold increase in transgene expression over HLP
in vivo. This promoter is used in the ASC618 gene therapy product for the treatment of
hemophilia A (NCT04676048).

4.2. Muscle-Specific Promoters

Several synthetic promoters based on muscle creatine kinase (MCK) and desmin genes
are currently widely used in clinics for the delivery to muscles. Among the first constructs
based on the MCK gene was CK6 (571 bp), which consists of a proximal MCK promoter and
the 2RS5 enhancer. Delivered in an adenoviral vector, CK6 exhibited 12% of the activity
seen with a CMV promoter [154]. Later, the same research group developed the MHCK7
construct, which was based on the CK6 cassette and underwent several modifications,
including the addition of a 188 bp enhancer from the mouse alpha-myosin gene (α-MHC).
Systemic delivery of the MHCK7 promoter in an AAV6 vector showed transgene expres-
sion similar to that observed for CMV and RSF promoters in mouse skeletal and cardiac
muscles [102]. A further advancement, the CK8 cassette, had the α-MHC enhancer replaced
with a modified MCK enhancer, resulting in a smaller yet more effective promoter [155].
MHCK7 is used in Elevidys for DMD [4] and in a number of therapies currently undergoing
clinical trials (NCT02710500, NCT06246513, and NCT05881408). CK8 is used in a DMD
gene therapy currently undergoing clinical trials (NCT03368742, NCT06138639).

Other chimeric MCK-derived promoters, such as dMCK (509 bp) and tMCK (720 bp),
contain two or three copies of the 2RS5 enhancer combined with a truncated basal promoter.
These promoters showed high specificity for skeletal muscle, with tMCK outperforming
the CMV promoter [156]. tMCK is currently used in the development of therapies for DMD
(NCT04281485), LGMD2D (NCT01976091, NCT00494195), and CMT (NCT03520751).
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Another group of promoters used for muscle delivery are desmin-based promoters.
These are often truncated versions of the natural desmin promoter (Des), which can be
altered by introducing deletions or substitutions [157]. Multiple drugs utilizing different
desmin promoter variants are currently in clinical trials (NCT01344798, NCT03199469,
and NCT02240407).

To create a highly active synthetic muscle-specific promoter, Li et al. randomly combined
several myogenic regulatory elements and added the resulting shuffled cassettes to the chicken
α-skeletal actin core promoter, thus obtaining a library of synthetic promoters [115]. The most
active promoter was SPc5-12, providing a 6–8-fold higher expression of the target gene
in vivo compared to the CMV promoter. There are ongoing clinical trials using the SPc5-12
promoter for the treatment of DMD (NCT05693142, NCT06185673).

The development of bioinformatics tools gave rise to several other strong synthetic
promoters. To create a hybrid MH promoter, four functional modules were selected
based on an in silico analysis of various murine muscle-specific genes [158]. The MH
promoter turned out to be more active in skeletal muscles compared to the CMV promoter
when delivered to mice packed in an AAV vector. Another research group developed
an algorithm to predict transcriptional cis-regulatory modules (Sk-CRMs) providing the
highest muscle-specific expression of the transgene [95]. These modules, composed of
TF binding site combinations, were cloned upstream of the desmin promoter in vectors
expressing luciferase. In mice, the Sk-CRM4 module led to a dramatic increase in desmin
promoter activity, enhancing it by up to 400 times in skeletal muscle.

4.3. Eye-Specific Promoters

The range of promoters used in therapies for eye disorders is the most extensive, as
presented in Table 1. This is because the retina is composed of various cell types, demanding
delivery vectors with cell-specific promoters. Several promoters targeting various cell types
have been used in clinical trials, including NA65p (RPE cells), PR1 (cone cells), hGRK1 (rod
and cone cells), and hRLBP1 (Müller glial and RPE cells) (Table 1).

The use of truncated versions of natural promoters is among the most popular strate-
gies of creating synthetic ones. Thus, the NA65p promoter was obtained by optimizing
the natural hRPE65 promoter, removing inhibitory elements, and shortening the sequence.
The new version was more active than the natural promoter, providing specific trans-
gene expression in RPE cells [159]. It is now part of clinical trials for a drug targeting
Leber congenital amaurosis (LCA) (NCT02946879). Another example is hGRK1, which is
used to target cones and rods. Shortened versions of this promoter are used in EDIT-101
(NCT03872479) and AGTC-501 (NCT06275620) drugs.

The PR1.7 promoter, which includes the human L-opsin enhancer and core promoter,
was developed to specifically target cone photoreceptor cells [160]. When delivered to mice
using an AAV vector, it demonstrated superior cone specificity compared to the mouse cone
arrestin (mCAR) promoter [161]. PR1.7 is used in studies on the treatment of achromatopsia,
a disease associated with the loss of cone function (NCT02599922, NCT02935517).

Bipolar cells are considered one of the best targets for optogenetic gene therapies for
vision restoration [162]. Several research groups have made efforts to target gene expression
to specific retinal bipolar cell types [163–166]. Thus, to target ON-bipolar cells (OBCs),
Hulliger et al. designed a synthetic promoter 770En_454P(hGRM6) based on the hGrm6
gene [166]. Using bioinformatic methods, authors predicted potential proximal promoter
and enhancer regions. Enhancer–proxymal promoter combinations were packed in a vector
encoding a reporter gene and tested transducing the post-mortem human retina. The
selected 1.2 kbp variant 770En_454P(hGRM6) displayed strong specificity for OBCs and
resulted in vision restoration in an rd1 mouse of late retinal degeneration.

With the development of bioinformatic tools for the discovery of CREs, more novel
synthetic promoters are designed using computational biology methods. In this way, in
the work [122], the researchers used Drop-seq data to identify novel minimal promoter
elements driving restricted expression to retinal ganglion cells. Bioinformatic design was
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informed by a wide range of genomics datasets and resulted in seven constructs that were
subsequently compared for strength and specificity in mice. The best candidate, Pre345
(NEFL), was further characterized in nonhuman primate retina, where it showed specific
and robust expression in the RGCs. Later, the same group developed more MiniPromoters
driving expression to various ocular cell types: ON bipolar, cone, corneal, endothelial,
Müller glial, and PAX6 cells [121].

4.4. CNS-Specific Promoters

Constitutive promoters, such as CMV and CAG, remain the most used in gene therapy
of CNS disorders [30]. Promoters mPGK, hSYN, and NSE are known for their specificity to
neurons. For instance, it was shown that mPGK and hSYN provide stronger expression in
the corticospinal tract (CST), compared to the widely used CMV and CAG [167]. Although
their transition into clinical settings has been slow [30], these promoters have been used in
recent trials (NCT06063850, NCT06064890, NCT03300453). Recently, truncated versions of
the MeCP2 promoter have also entered clinical settings (NCT03770572, NCT06152237).

The strategy of creating chimeric constructs is also used in the development of synthetic
neuron-specific promoters. As an example, a chimeric rSynI(1.0)-minCMV promoter was
obtained by fusing a 1 kb fragment of the hSyn1 promoter with a minimal CMV promoter [168].
The resulting hybrid provided robust neuron-specific transgene expression.

Modern methods of creating cell-specific promoters are focused on identifying unique
CREs active in certain types of neuronal cells. Previously described methods, such as
open chromatin analysis, make it possible to find new enhancers that direct expression to
specific cell subtypes [78,79,169]. Thus, enhancer sequences were identified by collecting
information on chromatin accessibility for different cell types [79]. When delivered to
the brain as AAV vectors, several enhancers were found to driveexpression to specific
cell subtypes.

The effectiveness of some enhancers for cell-specific delivery of AAV vectors has
been confirmed in primates. For instance, Mich et al. demonstrated the specificity of a
set of enhancers targeting parvalbumin (PVALB) interneurons [149]. Vormstein-Schneider
et al. identified a few enhancers specific to parvalbumin and vasoactive intestinal peptide-
expressing interneurons and confirmed that their selectivity is conserved across vertebrate
species [151].

4.5. Tumor-Specific Promoters

An important factor in the development of cancer gene therapies is to ensure targeted
delivery of the therapeutic agent to cancer cells, while limiting the damage to normal cells.
In this regard, the use of cancer-specific and tumor-specific promoters is especially relevant.
Cancer-specific promoters drive gene expression in cancer cells regardless of the tumor
type, while tumor-specific promoters are active in cancer cells of a certain type. Various
versions of such promoters are discussed in detail by other authors [170,171].

Among them, there are optimized variants based on natural promoters, such as a2bm.
This is a promoter specific to hepatocellular carcinoma (HCC), which is a modified version
of the AFP promoter. It was obtained by fusing two copies of enhancer A and one copy
of enhancer B with AFP, which resulted in an increase in promoter activity. Later, the
Ha2bm promoter was created by adding several hypoxia-responsive elements (HREs)
to a2bm, which provided higher activity compared to a2bm under hypoxic conditions.
Thus, this modification allowed for a better targeting of HCC considering the hypoxic
tumor environment.

Approaches aimed at predicting CRE are also used for the development of cancer- and
tumor-specific promoters. For example, the human insulin promoter was used as a basis
for the development of synthetic human insulin super-promoter (SHIP1) for pancreatic
cancer gene therapy. The analysis of key transcriptional regulatory elements of the insulin
promoter led to four SHIP variants. SHIP1 was the most active and outperformed RIP (rat
insulin promoter II fragment) and CMV in vivo [172].
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5. Conclusions and Future Prospects

Currently, there are various approaches to the creation of synthetic promoters. For
instance, the problem of low activity and tissue specificity is generally solved by using
combinations of cis-regulatory regions of different natural promoters; long promoters can
be shortened by the deletion of low-conserved parts of sequence. The use of computational
approaches makes it possible to significantly accelerate the process of developing new
synthetic promoters, as well as reduces the time and resources needed for experimental
validation. Methods of identification of CREs to design new promoters and enhancer
sequences using bioinformatic methods are being actively developed. Moreover, generative
algorithms are now used to de novo engineer fully synthetic CREs, that may even excel
naturally occurring ones in specificity [127,173]. Further development of bioinformatic
tools and generative models will enable a more accurate design of cell-specific regulatory
elements, facilitating the development of targeted synthetic promoters.

In addition, other approaches are being actively explored in the field of synthetic
promoter design. The creation of inducible promoters controlled by small molecules or
physical actions is a good opportunity to make expression more adjustable, which is highly
relevant in clinical practice. The most used tetracycline-dependent system of regulating
gene expression has already been successfully applied in AAV vectors [174–176]. Along
with inducible promoters, synthetic transcription factors (synTFs) based on bacterial or
mammalian sequences are being developed. In the presence of low-molecular-weight
exogenous or endogenous compounds, synTF can bind to regulatory elements of the
inducible promoter that results in transgene expression [177,178]. Vectors that contain
elements of gene expression control can be used to regulate both the level and timing of
expression, allowing for the improvement of safety and efficacy of future gene therapies.

The first European Commission-approved gene therapy, Alipogene Tiparvovec (Gly-
bera, uniQure, Lexington, KY, USA) [179], utilized a constitutive ubiquitous CMV promoter.
To this day, natural promoters prevail in research and clinical trials; however, the develop-
ment of new synthetic promoters may be crucial to the success of gene therapy. The use of
natural promoters often requires high titers of viral vectors, which can cause serious toxicity.
For example, Biogen announced the discontinuation of the development of BIIB089, citing
the same concerns [139]. In contrast to natural promoters, synthetic promoters achieve
higher specificity and gene expression levels that allow for an increase in transgene delivery
efficiency and that reduce the risks associated with vector introduction. Currently, there
are already FDA-approved in vivo gene therapies, such as the drugs Elevidys (Sarepta
Therapeutics, Inc, Cambridge, UK) [4], Hemgenix (CSL Behring LLC, King of Prussia,
PA, USA) [6], Beqvez (Pfizer, Inc., New York, NY, USA) [180], and Roctavian (BioMarin
Pharmaceutical Inc., San Rafael, CA, USA) [5], which utilize tissue-specific synthetic pro-
moters consisting of elements of natural promoters. There are also known examples of
combining parts of enhancers and core promoter regions from strong ubiquitous promot-
ers, as in the case of Luxturna (Spark Therapeutics, Inc.) [2] and Zolgensma (Novartis
Gene Therapies, Inc., Philadelphia, PA, USA) [3], which use a CBA promoter with a CMV
enhancer. Although synthetic promoters have already found application in therapeutic
practice, there is a necessity for the development of new variants, both to create new gene
therapies and to improve the efficacy and safety of existing ones. In the future, synthetic
promoters may take a central place in clinical practice, providing safer and more targeted
expression of therapeutic genes for the treatment of a wide range of diseases, such as
hereditary pathologies, cancers, and neurodegenerative disorders.
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Abstract: Prime editing is a genome editing technique that allows precise modifications
of cellular DNA without relying on donor DNA templates. Recently, several different
prime editor proteins have been published in the literature, relying on single- or double-
strand breaks. When prime editing occurs, the DNA undergoes one of several DNA repair
pathways, and these processes can be modulated with the use of inhibitors. Firstly, this
review provides an overview of several DNA repair mechanisms and their modulation
by known inhibitors. In addition, we summarize different published prime editors and
provide a comprehensive overview of associated DNA repair mechanisms. Finally, we
discuss the delivery and safety aspects of prime editing.

Keywords: Cas9; prime editing; DNA repair mechanisms; DNA repair modulation;
homologous recombination; non-homologous end joining; microhomology-mediated end
joining; single-strand annealing

1. Introduction

For many decades, scientists have aspired to introduce targeted, precise changes into
the human genome. With the development of zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs), it became evident that this dream could become
a reality [1,2]. However, the breakthrough occurred only after 2012, when the mechanism
of CRISPR-Cas-mediated immunity was discovered in bacteria Streptococcus pyogenes and
Streptococcus thermophilus [3,4]. The CRISPR-Cas system in these bacteria (later classified as
type II-A) is an example of the diverse prokaryotic CRISPR-Cas systems, which include at
least six types and thirty-three subtypes [5]. Cas9 is central to the mechanism of the type
II CRISPR-Cas immunity. This protein binds to a short CRISPR RNA (crRNA) molecule,
which contains a 20 nt sequence originating from a mobile genetic element. Guided by this
sequence, Cas9 finds a complementary target in the DNA of an invading bacteriophage or
plasmid and introduces a double-strand break (DSB) [3,4]. In bacteria, crRNA functions in
tandem with another RNA molecule called tracrRNA. Jinek et al. demonstrated that crRNA
and tracrRNA can be fused into a single guide RNA (sgRNA), providing researchers with
a simple, programmable, two-component Cas9-sgRNA tool for the targeted introduction of
DSBs into a genome of virtually any organism [3].

Knocking out genes using Cas9-sgRNA has already proven to be an efficient thera-
peutic strategy. Following the successful results of ongoing clinical trials [6–8], the first
CRISPR-Cas9 knockout-based therapy, Casgevy (exagamglogene autotemcel), received reg-
ulatory approval for the treatment of transfusion-dependent β-thalassemia and sickle cell
disease in 2023 [9]. Although Cas9-mediated knockouts can be relatively easily established,
reverting pathogenic variants to a wild-type sequence is much more challenging due to several
competing double-strand break repair (DSBR) pathways present in human cells. Numerous
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studies have identified key proteins involved in DNA repair pathways. Using this knowledge,
it is possible to modulate the cellular DNA damage response in favor of a desired editing
outcome. In the first part of this review, we provide an overview of DSBR in human cells and
possible ways to promote the desired editing outcome. In the second part, we shift our focus
to prime editing (PE)—an alternative gene editing strategy relying on a Cas9 nickase instead
of a nuclease. We then discuss how the method has evolved in recent years and review the
DNA repair factors involved with a focus on mismatch repair proteins.

Finally, we discuss the use of Cas9 nuclease in PE, the manipulation of DSBR to
promote precise Cas9 nuclease-mediated PE, various delivery methods and the safety of
this approach.

2. DSBR Pathways and Genome Editing Mediated by
Homology-Directed Repair

2.1. DSBR in Human Cells

A DSB in human cells is repaired via one of four DSBR pathways, called homolo-
gous recombination (HR), canonical or classical non-homologous end joining (c-NHEJ),
microhomology-mediated end joining (MMEJ, also called alt-EJ) and single-strand anneal-
ing (SSA) (Figure 1) [10–14]. HR can be further divided into three subpathways: the double
Holliday junction pathway (dHJ), break-induced replication (BIR) and synthesis-dependent
strand annealing (SDSA). In addition to HR, a related term, homology-directed repair
(HDR), is often used in the literature. While some authors use this term interchangeably
with HR, others define HR as a broader term relative to HDR or vice versa. Throughout
this review, we will use ‘HR’ as a term referring to the mechanisms of DSBR and ‘HDR’ as
a term describing any known or unknown homology-directed pathway for gene editing
with exogeneous templates.

2.2. Homologous Recombination (HR)

HR is a DSBR pathway in which a homologous sequence is used as a template to
extend one or both 3′ ends of a broken chromosome such that they gain sufficient homology
between the two ends (Figure 1A). This allows for the two halves to reanneal and complete
the repair without the loss of the sequence at the site of the break.

HR starts with the resection of 5′ ends by the MRN complex (MRE11, RAD50 and
NBS1) [15,16], assisted by several nucleases and regulated by multiple factors, including
CtIP, BRCA1 and BARD1 [17–25]. CtIP activates MRE11 endonuclease activity [26]. MRE11
incises the 5′-terminated strand at up to several hundred nucleotides from the break and
degrades the cleaved strand through its 3′-5′ exonuclease activity in a process called short-
range resection [26,27]. The short-range resection is followed by long-range resection, which
removes up to several kilobases of DNA due to the coordinated action of exonucleases
(EXO1, DNA2) and helicases (BLM, WRN) [21,28–30]. The process is directly stimulated by
BRCA1-BARD1 [17,18]. Another important function of the BRCA1-BARD1 complex is to
prevent the loading of the c-NHEJ factor 53BP1 (see below), and thus commit the cell to
HR [31,32]. The resection step generates a nucleoprotein filament consisting of 3′-tailed
ssDNA coated with RAD51 recombinase [33]. Since naked ssDNA is rapidly bound by the
single-strand binding protein RPA, mediator proteins are required to replace RPA with
RAD51 [34]. BRCA2 is the key mediator protein in human cells promoting nucleoprotein
filament assembly [35]. It is recruited to a DSB via its partner PALB2, which is, in turn,
recruited to BRCA1 [36–38]. Next, the nucleoprotein filament catalyzes the homology search
and strand invasion, resulting in a displacement loop (D-loop) in a process stimulated by
RAD54, PALB2, BRCA1-BARD1 and RAD51AP1-UAF1 [39–46]. Although the two ends of
the DSB are processed in a similar manner, only one forms the D-loop [47]. The D-loop is
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then extended by a DNA polymerase capable of performing displacement synthesis within
the D-loop, likely POL δ, with possible contributions from other DNA polymerases [48].
Depending on the subsequent steps, HR can be divided into three subpathways: the double
Holliday junction pathway (dHJ), break-induced replication (BIR) and synthesis-dependent
strand annealing (SDSA) [10]. SDSA is the predominant mechanism in mitotic cells. In
this pathway, the D-loop disintegrates quickly and the extended 3′ end anneals to the non-
extended 3′ end on the other side of the break [49,50]. The dHJ pathway occurs when both
3′ ends pair with a homologous sequence, prime DNA synthesis and are ligated to form
classic dHJ structures that can be resolved into crossover or non-crossover products [51].
BIR happens when one of the two parts of the broken chromosome is inaccessible., and
D-loop formation is followed by replisome assembly and replication through the rest of the
chromosome [52,53].

Figure 1. Double-strand break (DSB) repair pathways in human cells. (A) Homologous recombination
(HR). A DSB is recognized by the MRN complex. Activated by CtIP, the MRN complex incises the
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5′-terminated strand at some distance from the DSB and degrades the 5′-terminal part due to
MRE11 3′-5′ exonuclease activity. Such ‘short-range resection’ is followed by ‘long-range resection’
performed by EXO1 and DNA2 exonucleases and BLM and WRN helicases. The BRCA1-BARD1
complex recognizes histone modifications specific to DSBs, stimulates resection, prevents classical
non-homologus end joining (c-NHEJ) factor 53BP1 from loading onto the chromatin and recruits
PALB2-BRCA2. RPA binds to the generated 3′ overhang. PALB2-BRCA2 stimulates the replacement
of RPA with RAD51 recombinase. The RAD51 filament invades a homologous donor sequence,
resulting in the formation of a displacement loop (D-loop) with the assistance of RAD54, PALB2-
BRCA2, BRCA1-BARD1 and RAD51AP1-UAF1. The 3′ end is then extended by a DNA polymerase.
The subsequent process is subdivided into synthesis-dependent strand annealing (SDSA), a double
Holliday junction pathway (dHJ) and break-induced replication (BIR) depending on the presence of
one or two ends and the interaction between the ends and the donor. (B) c-NHEJ. Depending on the
complexity of the ends, c-NHEJ proceeds with fast or slow kinetics. Fast-kinetic c-NHEJ starts with
the binding of the KU70/80 heterodimer to a blunt end or an end with a relatively short overhang.
KU70/80 activates the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), and, together,
they form DNA-PK. In the case of slow-kinetic c-NHEJ, additional factors are necessary to counteract
end resection and prepare the end for ligation. 53BP1 recognizes histone modifications specific to
DSBs. This leads to the recruitment of additional factors: RIF1, SHIELDIN, CST, POL α/primase, PTIP
and ARTEMIS. POL α/primase fills the 3′ overhangs. ARTEMIS nuclease removes the 3′ overhangs
(or other overhangs if present). DNA POL λ or μ also contributes to the generation of compatible ends.
The subsequent ligation is performed by the XRCC4-LIG4/XLF complex. (C) Following end resection,
a DSB may be repaired via microhomology-mediated end joining (MMEJ), also called alternative
end joining (alt-EJ). DNA POL θ promotes the annealing of the two 3′ ends due to microhomologies
which are several nucleotides long. APEX2 and FEN1 remove 3′ flaps, preparing 3′ ends to be
extended by POL θ. Single-strand breaks are ligated by LIG3/XRCC1/PARP1. (D) Single-strand
annealing (SSA) is associated with hyper-resection of 5′ ends. The two 3′ ends are annealed through
an extensive homology region mediated by RAD52 and RPA. 3′ flaps are removed by the ERCC1/XPF
endonuclease. The process is finalized by gap filling and ligation, although it is not clear which DNA
polymerase and DNA ligase are involved.

In most cases, a sister chromatid is used as a donor in HR and the pathway is con-
sidered error-free compared to other DSBR pathways [54]. Nevertheless, HR can also be
mutagenic to some extent due to possible genome rearrangements and small-scale muta-
tions. Genome rearrangements arise from erroneous donor choice, while the increased rate
of polymerase errors and the intrinsic chemical instability of ssDNA may lead to small-scale
mutations [48,55].

2.3. Canonical Non-Homologous End Joining (c-NHEJ)

c-NHEJ is a predominant DSBR pathway in human cells (Figure 1B). Fundamentally,
it centers around the re-ligation of broken DNA. Ligatable DNA ends can be directly
processed by core c-NHEJ factors KU70/80, DNA-PKcs, XRCC4, XLF and DNA ligase 4
(LIG4) in a process starting within seconds after DSB formation [56–58]. The KU70/80
heterodimer is a DSB sensor that tightly encircles DNA and serves as a recruitment point
for downstream c-NHEJ effectors [59]. Among these effectors is DNA-PKcs, a constituent
of the phosphoinositide 3-kinase-related kinase family. DNA-PKcs, together with DNA-Ku
complexes, forms the DNA-PK enzyme [60]. The kinase activity of DNA-PKcs is stimulated
upon DNA binding, promoting the phosphorylation of various DNA repair proteins and
the autophosphorylation of DNA-PKcs [61].

The ligation step requires precise alignment of DNA ends within a synaptic complex,
comprised of two DNA ends, two KU70/80 heterodimers and two DNA-PKcs molecules.
The synaptic complex adopts long-range and short-range conformations [62]. The long-
range synaptic complex brings the two DNA ends into proximity, while, in the short-range
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synaptic complex, the DNA ends are aligned for ligation [63]. The kinase activity of DNA-
PKcs, along with XRCC4-LIG4 and XLF factors, is required for the transition from the long-
range to the short-range complex [62]. A single LIG4 molecule, stimulated by XRCC4,binds
to both DNA termini and catalyzes the ligation of compatible ends immediately after the
formation of the short-range complex,. This minimizes error-prone processing by other
factors [64,65]. Interestingly, several studies show that LIG4 can tolerate certain terminal
mismatches and damaged bases, a unique feature among vertebrate ligases [66,67].

DSBs that cannot be directly ligated may still be processed through a slow-kinetic
subpathway of c-NHEJ, involving the activation of complex signaling pathways and
the recruitment of multiple proteins [56,68,69]. The key player of slow-kinetic cNHEJ is
53BP1, also known as TP53BP1 [70]. 53BP1 recruits additional effectors, such as RIF1,
SHIELDIN, CST and POL α/primase [31,71–77]. These proteins prevent the loading
of HR factors and counteract the 5′ end resection, which is crucial for HR [31,71–83].
While 53BP1/RIF1/SHIELDIN/CST/POL α/primase largely counteract 5′ end resection,
limited end trimming may still be necessary for c-NHEJ to generate ligatable ends. 53BP1
recruits PTIP [78], which, in turn, recruits ARTEMIS [84], a nuclease with both exo- and
endonuclease activities [85]. The ARTEMIS nuclease activity requires the presence of
KU70/80 and autophosphorylated DNA-PKcs [86]. ARTEMIS can remove both 3′ and 5′

overhangs, although only the processing of 5′ overhangs produces perfectly blunt ends [87].
DNA POL λ or POL μ carries out additional template-dependent or template-independent
synthesis at 3′ termini to promote DNA-end synapsis and ligation [88].

2.4. Microhomology-Mediated End Joining (MMEJ or alt-EJ)

Although c-NHEJ is active in most cell types, early studies of c-NHEJ-deficient
cells identified an alternative error-prone mechanism, often referred to as alt-EJ or
microhomology-mediated end joining (MMEJ) (Figure 1C) [89,90]. Similarly to HR, MMEJ
starts with the resection of 5′-terminated strands on both sides of the break, mediated
by the MRN complex and CtIP, which is crucial for exposing microhomology-containing
single-stranded regions [15,16,26]. Next, the two 3′ ends are aligned through the anneal-
ing of the exposed microhomologies, which can be as short as a few nucleotides (nt) in
mammals [91]. If microhomologies are located at some distance from the break site, end
bridging generates 3′ flaps that must be removed to complete the repair, followed by gap
filling and ligation [89,90]. As a result, MMEJ is associated with deletions flanking the
original DSB. The deleted region includes one of the two microhomologies and the region
between them. Due to its mutagenic characteristics, MMEJ contributes to the plasticity
of the genome but can also lead to chromosomal translocations, telomere fusions and
carcinogenesis [16,89,90,92].

Poly ADP-ribose polymerase 1 (PARP1) and DNA polymerase theta (POL θ) are
the key MMEJ factor [93–95]. PARP1 competes with KU for DNA end binding [96], pro-
motes MRN recruitment [97] and facilitates end synapsis [98]. In addition, a recent study
demonstrated the direct poly-(ADP)-ribosylation (PARylation) of POL θ by PARP1, which
facilitates POL θ recruitment to DSBs [99].

POL θ is a multifunctional enzyme composed of an A-family DNA polymerase domain
and an SF2 helicase-like domain separated by a large, unstructured central domain [100].
The helicase domain of POL θ promotes annealing [101], unwinds DNA with 3′-5′ polarity
and facilitates strand displacement synthesis by the polymerase domain [102]. The low-
fidelity polymerase domain fills in the gaps after the alignment of the 3′ ends and can accom-
modate various DNA structures including mismatched termini and ssDNA [95,103–106].
The 3′ flaps produced during MMEJ are removed by APEX2 and FEN1 [95,105,106]. The
final ligation steps conclude the MMEJ repair pathway. In contrast to c-NHEJ, which relies
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on LIG4, LIG3 is the major contributor in MMEJ [98]. LIG3 forms a stable complex with the
scaffold protein XRCC1, and both proteins interact with PARP1 [107,108].

2.5. Single-Strand Annealing (SSA)

Single-strand annealing (SSA) is the fourth DSBR pathway, discovered over 40 years
ago but not studied as extensively as HR or c-NHEJ (Figure 1C) [109]. Mechanistically,
SSA resembles MMEJ but relies on long direct repeats instead of microhomologies. It is
usually associated with a higher degree of end resection and requires a different set of
proteins [110,111]. SSA depends on resection factors MRE11, CtIP, EXO1 and DNA2 [112].
A characteristic feature of SSA is the annealing of 3′ ends by RAD52 in the presence
of RPA [113,114]. In line with other studies, a recent cryo-EM structure [115] demon-
strated that RAD52 forms a ring composed of ~10 subunits that binds ssDNA on the outer
surface [113,116–120]. The structure also revealed a single RPA protein at the site of ring
opening [115]. Based on observations that RPA stimulates SSA, excess RAD52 inhibits the
reaction and there is no apparent interaction between RAD52 rings, the authors proposed a
model of SSA in which RAD52 sporadically binds to RPA-coated ssDNA, replacing some
of the RPA molecules on each of the two ends. Subsequently, the annealing of the two ends
is promoted by the interaction between the loaded RAD52 rings on one strand and the
remaining RPA on the other strand [115].

The annealing is followed by the removal of 3′ flaps by the ERCC1/XPF endonucle-
ase [121–123]. The process concludes with gap filling and ligation, although it remains
unclear which DNA polymerase and DNA ligase are involved [48].

2.6. DBSR Pathway Choice

c-NHEJ and HR are considered the major DSBR pathways. Their activity is regulated
in many ways but is primarily controlled by the cell cycle [10,124]. In G1, c-NHEJ is a
predominant pathway, whereas HR is largely considered inactive [125–127]. An exception
to this rule is the demonstration of HR in G1 within highly repetitive ribosomal genes [128]
and centromeric regions [129].

In S phase, both HR and c-NHEJ are active and contribute to the repair of two-ended
DSBs [126,127]. At the same time, one-ended DSBs caused by replication fork blockage
are repaired by HR but not by c-NHEJ [126,130]. In G2 phase, both c-NHEJ and HR are
active [125]. In general, HR is considered to contribute less than c-NHEJ in G2. However,
the exact proportion depends on the chromatin state and the complexity of the DNA ends
induced by various damaging agents [131].

Repair kinetics studies suggest that c-NHEJ can be categorized into two types: fast-
kinetic c-NHEJ, which is completed within 2–4 h after the break occurs, and slow-kinetic
c-NHEJ, which operates over a timescale of approximately 24 h [125,131]. Fast-kinetic
c-NHEJ is a predominant pathway in the G1 and G2 phases and accounts for the repair
of ~70–80% of DSBs. The remaining DSBs are believed to be repaired by slow-kinetic
c-NHEJ in G1 and by HR in G2, respectively [131,132]. Fast-kinetic c-NHEJ requires only
the core c-NHEJ proteins, while slow-kinetic c-NHEJ is characterized by the recruitment
of additional proteins, such as 53BP1 and ARTEMIS [133]. HR can be solely described by
slow kinetics, operating on a timescale of ~24 h [125,134].

In the context of gene editing using SpCas9, repair half-life times ranging from 1.4
to 10.7 h have been demonstrated for different targets in K562 cells [135]. Interestingly,
experimental data did not support a hypothesis of multiple rounds of SpCas9 cleavage
and error-free repair until insertions or deletions (indels) are eventually generated. Instead,
evidence supporting slow, error-prone repair was obtained [135]. This was an unexpected
conclusion, given that SpCas9 produces blunt or nearly blunt ligatable ends and HR is
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active in K562 cells. A possible explanation for this is that SpCas9 remains bound to its
target after cleavage [136,137]. This, in theory, may preclude fast-kinetic c-NHEJ and direct
repair toward slow-kinetic c-NHEJ with the recruitment of additional factors that promote
SpCas9 eviction and concomitant indels.

While c-NHEJ and HR can potentially result in error-free DSBR, SSA and MMEJ are
inherently error-prone and must be tightly regulated. SSA is predominantly active during
the S/G2 phase [122], consistent with its reliance on BRCA1, CtIP and the extensive end
resection performed by HR proteins [110,112,138,139].

Mutations in BRCA1 that prevent its binding to PALB2 promote SSA [140]. SSA is also
increased when RAD51 or BRCA2 is impaired [138]. Altogether, these findings suggest that
SSA regulation throughout the cell cycle is similar to HR, but SSA is typically suppressed
by the formation of the RAD51 filament.

MMEJ typically requires less extensive resection compared to SSA and HR, but it
still relies on MRN and CtIP [110,141]. However, MMEJ is independent of BRCA1 and
long-range resection factors BLM and EXO1 [25,141], meaning that unlike SSA, the decision
between HR and MMEJ occurs during the resection stage. Experiments with synchronized
cells have shown that MMEJ activity is lowest in G0/G1, gradually increases throughout
the cell cycle and peaks in cells arrested in early mitosis [141]. In fact, MMEJ becomes the
dominant DSBR pathway during mitosis when c-NHEJ and HR are repressed [142,143].
It is believed that MMEJ evolved to repair condensed chromosomes before cell division,
thereby preventing genome instability at the cost of small deletions.

The network of DSBR pathways is highly complex, involving complicated signaling
and chromatin remodeling that falls beyond the scope of this review. Additionally, there
are multiple connections between different pathways, such as c-NHEJ proteins contributing
to HR [125] and, vice versa, HR proteins contributing to c-NHEJ [133]. Numerous studies
explore how to manipulate cells into selecting a specific DSBR pathway, a topic that will be
discussed in the next chapter.

3. Inhibitors of DNA Repair Mechanisms in Gene Editing

3.1. HDR and Inhibitors of c-NHEJ and MMEJ in Gene Editing

While Cas9 and sgRNA alone are enough for disrupting genes, an exogenous
double-stranded or single-stranded donor DNA molecule is required for targeted in-
sertions (Figure 2). Double-stranded DNA or single-stranded oligodeoxyribonucleotides
(ssODNs) can be used, but the latter approach is more popular due to its higher effi-
ciency [137,144,145]. HDR with dsDNA templates uses the RAD51-dependent HR pathway
discussed in Chapter 2, while HDR with ssDNA is RAD51-independent and involves
proteins from the Fanconi Anemia pathway through an unknown mechanism [137]. Both
approaches can be compromised by c-NHEJ and MMEJ competing with HDR for the
substrate and diluting the intended edit with undesired indels. Hence, many groups have
been working on inhibiting c-NHEJ/MMEJ for efficient gene editing (Figure 2).

3.1.1. Inhibitors of c-NHEJ

Given that c-NHEJ has the fastest kinetics in terms of repairing DNA in human
cells [146], inhibiting c-NHEJ is of particular interest. c-NHEJ is initiated by the binding of
the KU70/KU80 heterodimer to DNA. In 2016, Weterings et al. developed STL127705, the
first compound to inhibit the interaction between KU70/KU80 and DNA, both in vitro and
in vivo [147]. While STL127705 has been applied in cancer therapy [148], no studies to date
have shown its effect on improving the efficiency of precise genome editing. Moreover,
treatment with STL127685, a 4-fluorophenyl analog of STL127705, showed no improvement
in Cas9 editing with an ssDNA donor [148].
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Figure 2. SpCas9-mediated targeted knock-in is installed via homology-directed repair (HDR) and
is counteracted by competing repair pathways. SpCas9 paired with a single guide RNA (sgRNA)
recognizes a DNA target and introduces a DSB. sgRNA includes a spacer and a scaffold. The target
must be complementary to the spacer and must contain an adjacent Protospacer Adjacent Motif
(PAM) sequence (NGG in the case of SpCas9). The resulting DSB can be repaired using an exogenous
double-stranded or single-stranded donor via HDR to install the desired edit. Alternatively, c-NHEJ
may result in generation of indels, MMEJ may lead to deletions between microhomologies (MH)
and SSA may lead to deletions between larger homology sequences (H). Small-molecule or protein
inhibitors of c-NHEJ or MMEJ proteins enhancing HDR are shown. The CRISPY mix consists of
several components, including compounds with poorly characterized mechanisms of action. Thus,
we present the CRISPY mix as promoting HDR without specifying its targets.

In 2012, Srivastava et al. identified a compound called SCR7, which inhibited DNA
LIG4 binding to DNA, leading to the accumulation of DNA breaks and the activation
of intrinsic apoptotic pathways [149]. Maruyama et al. have successfully used SCR7 to
promote HDR using dsDNA in epithelial cells (A549) and melanoma cells (MelJuSo) and
ssODN in mouse embryos [150]. At least two other studies confirmed the positive effect of
SCR7 on HDR [151,152]. However, other studies did not detect significant improvements
in gene editing upon treatment with SCR7, questioning its potency, selectivity and utility
as an HDR booster [153–157]. An alternative approach resulted in up to a seven-fold
enhancement in HDR through the co-expression of adenovirus 4 E1B55K and E4ORF6
proteins, mediating the ubiquitination and proteasomal degradation of DNA LIG4 [151].

DNA-PKcs is probably the most promising c-NHEJ target, with multiple small-
molecule inhibitors developed and tested in gene editing experiments, such as NU7026,
NU7441, KU-0060648, M3814 and AZD7648 [157–163]. In 2013, Maresca et al. showed
that a DNA-PK inhibitor, NU7026, increases the efficiency of HDR with zinc finger nucle-
ases [164]. Other groups later demonstrated a 1.2–2.5-fold HDR improvement with NU7026
and Cas9 [146,153,165].

In 2015, Robert et al. demonstrated that NU7441 and KU-0060648 decrease c-NHEJ
events with a concomitant ~2-fold increase in HDR in HEK293T cells edited with Cas9 [166].
In line with this, up to a 1.4-fold improvement in HDR upon NU7441 treatment was
reported for iPSCs [146,167].
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Another potent DNA-PKcs inhibitor is M3814 (also known as MSC2490484A, nedis-
ertib or peposertib) [163,168]. Riesenberg et al. demonstrated that M3814 increases ssDNA-
mediated HDR in hiPSCs, hESCs and K562 cells by ~2–10-fold depending on the cell line
and the target [162,169]. In another study, M3814 caused a 3-fold increase in HDR with
Cas9 and an AAV6 DNA donor [146].

In 2019, Fok et al. described AZD7648 as a potent and selective DNA-PKcs inhibitor
that promotes tumor regression in combination with other agents that target the DNA
damage response [161]. Our group demonstrated that AZD7648 led to a 2.9-fold improve-
ment in HDR with an ssODN in HEK293T cells [157]. Recently, Matthew Porteus’s lab
compared several DNA-PKcs inhibitors, including AZD7648 and M3814, and concluded
that AZD7648 was more potent [170].

53BP1 is another target for c-NHEJ inhibition since it prevents end resection and
BRCA1 recruitment [31,171]. To our knowledge, no small-molecule inhibitors of 53BP1
have been tested thus far while other approaches have been successfully applied to inhibit
53BP1. Since 53BP1 recognizes ubiquitylated histones at DSB sites, Canny et al. suggested
that ubiquitin variants can be used as 53BP1 inhibitors. Indeed, several ubiquitin variants
binding to 53BP1 were found. One of them, UBVG08 (also called i53), selectively binds
53BP1 in cells, inhibiting its accumulation at DSBs while promoting BRCA1 recruitment
and HDR with dsDNA and ssODN donors [172]. The expression of an engineered variant
of RAD18 (e18) is another way to improve HDR, since this protein competes with 53BP1 for
binding ubiquitylated histones [173]. Fusing Cas9 to a dominant negative variant of 53BP1
(DN1S) increases HDR by reducing recruitment of 53BP1 specifically to Cas9-induced
breaks without globally affecting the c-NHEJ pathway [174]

3.1.2. Inhibitors of MMEJ

The repertoire of developed inhibitors of MMEJ is notably smaller compared to that of
c-NHEJ, with DNA polymerase θ (encoded by the POLQ gene) being the primary target.
Several studies have indicated that knockout or knockdown of POLQ partially decreases
MMEJ-associated deletions and reduces the unwanted on-target effects of Cas9, such as
translocations or large deletions [91,94]. However, only a limited number of small-molecule
inhibitors targeting POL θ have been documented to date.

In 2021, Lord et al. presented ART558, targeting the polymerase function of POL θ. In
their study, they demonstrated its efficacy in inhibiting the principal POL-θ-mediated DNA
repair pathway, theta end joining [175]. Furthermore, in 2022, Heald et al. validated the
effects of ART558, showing that it replicates the phenotype of POL θ loss [176]. Specifically
in the context of gene editing, a 2023 study reported that this inhibitor prevents the
formation of large deletions and facilitates HDR at a GFP gene stably integrated into the
genome of mESCs [177]. However, no significant HDR enhancement was revealed for
another target in mESCs and several human cell lines [177]. Similarly, the results from
our lab demonstrate that a single POLQ knockout does not influence HDR efficiency in
HEK293T cells [157].

3.1.3. Combination of Inhibitors

While the inactivation of POL θ alone only has a marginal effect or no effect on
HDR, dual inhibition of c-NHEJ with NU7441 and MMEJ with ART558 leads to a con-
sistent improvement across multiple cell lines [177]. Our research group tested POLlQi1
(WO2021/028643) and POLQi2 (WO202/0243459) inhibitors in combination with the DNA-
PKcs inhibitor AZD7648 [157]. POLQi1 targets the polymerase domain of POL θ and
POlQi2 inhibits its helicase activity. AZD7648 in combination with POLQi1 or POLQi2
results in a consistent increase in HDR rate across various cell lines and targets, outper-
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forming treatment with AZD7648 alone. The combined treatment, termed 2iHDR, not
only enhances templated insertion efficiency but also greatly decreases indels and Cas9
off-target effects [157]. Riesenberg et al. came to a similar conclusion using the DNA-PKcs
inhibitor M3814 and POLQ siRNAs, a combination called “HDRobust” [169].

Simultaneous inhibition of c-NHEJ and MMEJ is not the only available strategy. Riesen-
berg and Maricic tested various small-molecule inhibitors and found a combination, termed
the “CRISPY” mix, which improves targeted insertions with ssODNs [153]. In addition
to NU7026, discussed above, the mix includes trichostatin A, MLN4924 and NSC 15520.
Trichostatin A is a histone deacetylase inhibitor that activates an ATM-dependent DNA
damage signaling pathway [178]. MLN4924 promotes HDR by inhibiting the neddylation of
unknown CtIP-interacting proteins and consequently promoting DNA end resection [179].
NSC15520 (fumaropimaric acid) blocks the binding of RPA to p53 and RAD9, possibly
increasing the abundance of available RPA [180,181]. The “CRISPY” mix promoted HDR
in hiPSCs and hESCs. However, in non-pluripotent cell types, some of the “CRISPY”
components had an opposite effect, highlighting the difference in DNA repair in different
cell lines [153].

4. Evolution of Prime Editing

4.1. At the Origin of Double-Strand-Break-Free Editing Methods

DSBs impose a risk of inversions, translocations, chromotripsis or long deletions
spanning several kilobases [182–184]. To avoid DSBs, David Liu’s group developed a base
editing approach. Base editing relies on a catalytically-inactive Cas9 nuclease (dCas9) fused
to a cytidine or adenosine deaminase [185,186]. The binding of dCas9-sgRNA to the target
results in an R-loop, in which ssDNA is accessible to the deaminase, eventually leading
to C→T or A→G substitutions. Although this technology is a safer alternative to a classic
HDR-based approach initiated by a DSB, the application of base editing is limited only to
transition mutations; no insertions or deletions can be installed using this method.

In pursuit of a technique to install various types of edits without DSBs, the same group
developed the revolutionary PE technology, which can be used to install any types of base
substitutions, small deletions or insertions, greatly expanding the genome editing toolbox
(Figure 3) [187]. PE relies on a prime editing guide RNA (pegRNA) and a Cas9 nickase
fused to a reverse transcriptase (RT) (Figure 3A). Similarly to a regular guide RNA, the
pegRNA is comprised of a spacer on the 5′ end and a scaffold sequence but also contains a
unique 3′-terminal extension. This extension includes the sequence complementary to the
region upstream of the cleavage site (primer-binding site, PBS), the desired edit, and the
sequence homologous to the region downstream of the cleavage site (the homology arm,
HA). Once Cas9 introduces a nick to a DNA strand displaced after the spacer annealing,
the PBS hybridizes to the PAM-distal part of the nicked strand. The RT reverse transcribes
the desired edit and HA into the genome using the 3′ end of the nicked strand as a
primer (Figure 3B). This results in a single-stranded 3′ flap (Figure 3C), which is able
to hybridize to the PAM-proximal side of the nick, generating a 5′ flap that does not
contain the edit (Figure 3D). The 5′ flap removal, nick sealing and the processing of the
resulting heteroduplex by DNA repair proteins lead to a stably incorporated genomic edit
(Figure 3E–L).

126



Cells 2025, 14, 277

Figure 3. Prime editing (PE) and its interaction with mismatch repair (MMR) and other factors.
(A) A typical prime editor consisting of an SpCas9 H840A nickase (nCas9) and a Moloney Murine
Leukemia Virus (M-MLV) reverse transcriptase (RT) cleaves the nontarget strand of DNA (the strand
that is not complementary to the spacer as opposed to the target strand annealed to the spacer). The
PE guide RNA (pegRNA) includes a spacer, scaffold, homology arm (HA), the desired edit (E) and a
primer-binding site (PBS). (B) The PBS binds to the cleaved nontarget strand. RT extends the DNA
3′ end using the edit and homology arm RNA sequence as a template. (C) The generated 3′ flap is
likely subjected to degradation by cellular nucleases. TREX1/2 is a possible candidate that may act
on long insertions. (D) The 3′ flap containing the edit hybridizes to the PAM-proximal side of the
nick, replacing the initial sequence. The displaced 5′ flap containing the initial sequence is removed
by the FEN1 endonuclease. (E) Following the removal of the 5′ flap, an intermediate is formed which
contains a mismatch and single-strand break. (F) Mismatches of up to 13 nt introduced by the prime
editor are recognized by either the MUTSα or MUTSβ complex, which recruit MUTLα. MUTLα
cuts the strand containing a pre-existing break. In the context of PE, there is a higher probability of
cleaving the edited strand due to the nick introduced by nCas9 (F, left). MUTLα cuts 5′ and 3′ to the
mismatch. (G) The part of the incised strand which contains the mismatch is removed due to EXO1
5′-3′ exonuclease activity. Alternatively, POL δ synthesizes DNA while simultaneously displacing
the incised strand without EXO1 involvement. In this case, the generated 5′ flap is removed by FEN1,
FAN1 or DNA2. (H) The remaining gap is filled by a DNA polymerase, likely POL δ or POL ε. (I) The
nicks are ligated, presumably by LIG1. As a result, either the initial sequence (I, left) or the desired
edit is installed (I, right). (J) In the case where the nCas9-introduced nick is ligated prior to MMR, the
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subsequent MUTLα cleavage may happen either in the edit-containing strand (F, left) or the strand
without the edit (F, right), depending on which strand contains pre-existing single-strand breaks
generated independently from PE. (K) When the PE3 system is used, a second guide RNA without a
pegRNA extension directs nCas9-RT to cleave the unedited DNA strand, thus promoting MMR to act
on the unedited strand (F, right). This eventually leads to the installation of the desired edit (I, right).
The nicking guide can direct Cas9-RT to cleave 5′ or 3′ of the mismatch (here, only cleavage of 3′ of
the mismatch is depicted). The precise order of events has not been studied; PE3 cleavage may also
occur earlier. (L) Given that PE is observed even when MMR is inhibited and since MMR is inactive
on long contiguous mismatches, there should be an alternative way of resolving PE intermediates.
Our hypothesis is that DNA replication may serve as this resolution mechanism in dividing cells,
although other mechanisms may exist.

In the years following the first publication on PE, many research groups have been
working on optimizing different components of the system (including the guide RNA, Cas9
and RT), developing new approaches inspired by the original PE concept, or manipulating
cellular factors to improve the efficiency and favor the desired editing outcome. In the
next part of the review, we summarize major achievements in the field with a focus on the
mechanisms of DNA repair and possible ways to control this process.

4.2. From PE1 to PE7 and Beyond

Seven generations of SpCas9-based prime editors have been developed (summa-
rized in Table 1). The first-generation prime editor (PE1) was composed of the wild-type
M-MLV RT fused to the C-terminus of SpCas9 (H840A) nickase [187]. This approach
enabled 0.7–5.5% editing efficiency for transversion mutations, ~4% for a small deletion
and ~10–17% for short insertions. The second generation (PE2) introduced five amino acid
substitutions into M-MLV RT, improving its in vitro substrate binding, processivity and
thermostability [188,189]. This led to a ~5-fold increase in editing efficiency compared
to PE1 [187]. PE3, PE4 and PE5 further enhanced PE by reducing the inhibitory effect
of mismatch repair through the addition of a nicking guide or a dominant negative vari-
ant of the MLH1 protein (see more details below) [187,190]. Protein optimization using
phage-assisted continuous (PACE) or non-continuous (PANCE) evolution combined with
rational engineering led to the development of PE6, further subdivided into PE6a-g [191].
RT mutants PE6a-c were optimized for a smaller editor size, while PE6c-d demonstrated
an increased activity on long, highly-structured templates. In addition, several SpCas9
variants (PE6e-g) with enhanced activity on a subset of targets appeared in the course of
the evolution (PE6e-g [192]. Finally, PE7 was developed, which is a prime editor fused to
the RNA-binding domain of the LA protein [191]. The LA protein binds to U tracts of the 3′

ends of RNA polymerase III transcripts and stabilizes 3′ ends of polyuridylated pegRNAs
in the context of PE [191].

Table 1. Summary of seven generations of prime editors. The characteristic feature of each editor
differentiating it from previous generations is underlined.

Prime
Editor

Cas9 Variant Reverse Transcriptase Guide RNA Helper Protein

PE1 [187] nSpCas9(H840A)
nickase wild-type M-MLV RT pegRNA -

PE2 [187] nSpCas9(H840A)
nickase as in PE1

M-MLV RT (D200N/L603W/
T330P/T306K/W313F) pegRNA -

PE3 [187] nSpCas9(H840A)
nickase as in PE1

M-MLV RT (D200N/L603W/
T330P/T306K/W313F) as in PE2

pegRNA + sgRNA
complementary to the
edited strand up- or

downstream of the edit

-
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Table 1. Cont.

Prime
Editor

Cas9 Variant Reverse Transcriptase Guide RNA Helper Protein

PE3b
[187]

nSpCas9(H840A)
nickase as in PE1

M-MLV RT(D200N/L603W/
T330P/T306K/W313F) as in PE2

pegRNA + sgRNA
complementary to the
edit established by the

prime editor

-

PE4 [190] nSpCas9(H840A)
nickase as in PE1

M-MLV RT(D200N/L603W/
T330P/T306K/W313F) as in PE2 pegRNA as in PE2 MLH1dn

PE5 [190] nSpCas9(H840A)
nickase as in PE1

M-MLV RT(D200N/L603W/
T330P/T306K/W313F) as in PE2

pegRNA + nicking
sgRNA as in PE3 MLH1dn

PE6a
[192]

PEmax:
nSpCas9(H840A)

nickase with
additional R221K and
N394K substitutions

evo-Ec48: Escherichia coli Ec48
retron-derived RT with

substitutions E60K/K87E/E165D/
D243N/R267I/E279K/K318E/
K343N evolved using PANCE

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE6b
[192]

nSpCas9(H840A)
nickase with

additional R221K and
N394K substitutions

as in PEmax

Evo-Tf1: Schizosaccharomyces pombe
Tf1 retrotransposon-derived RT
with substitutions P70T/G72V/
S87G/M102I/K106R/K118R/
I128V/L158Q/F269L/A363V/
K413E/ S492N evolved using

PANCE.

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE6c
[192]

nSpCas9(H840A)
nickase with

additional R221K and
N394K substitutions

as in PEmax

PE6b with additional rationally
designed substitutions (Tf1 RT
P70T/ G72V/ S87G/M102I/

K106R/K118R/I128V/L158Q/
F269L/A363V/K413E/S492N/
K118R/S188K/I260L/S297Q/

R288Q)

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE6d
[192]

nSpCas9(H840A)
nickase with

additional R221K and
N394K substitutions

as in PEmax

M-MLV RT with the truncated
RNaseH domain and additional

mutations T128N/ V223Y/ D200C

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE6e
[192]

PEmax with
additional

substitutions K918A/
K775R

M-MLV RT (D200N/
L603W/T330P/T306K/W313F) as

in PE2 but ΔRNaseH

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE6f
[192]

PEmax with
additional

substitutions E471K/
H99R/I632V/

H721Y/D645N/
K918A

M-MLV RT (D200N/L603W/
T330P/T306K/W313F) as in PE2

but ΔRNaseH

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE6g
[192]

PEmax with
additional

substitutions E471K/
H99R/I632V/

H721Y/R654C/
D645N

M-MLV RT (D200N/L603W/
T330P/T306K/W313F) as in PE2

but ΔRNaseH

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

Optional: MLH1dn

PE7
[191] PEmax M-MLV RT (D200N/L603W/

T330P/T306K/W313F) as in PEmax

pegRNA as in PE2 or
pegRNA + nicking
sgRNA as in PE3

The N-terminal part of a
small RNA-binding

protein La(1–194) fused
to the C terminus of

PEmax.
Optional: MLH1dn
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It is worth noting that there are two major drawbacks of the current PE naming system.
The first is a lack of a standard nomenclature for PE systems composed of several elements
from different PE generations. For example, any PE6a-d RT variants can be combined
with any PE6e-f Cas9 variants and may include a nicking guide (as in PE3 systems) and
MLH1dn (as in PE4/5), but there is no consensus on how the resulting editor should be
named. Second, many reported modifications have been made to PE systems to address
challenges and increase editing efficiency, but these have not been formally classified as
new PE generations.

One such challenge is the guide stability. Since the 3′ extension of the pegRNA is not
protected by Cas9, it is prone to degradation by RNA exonucleases. The PE7 approach
likely solves this problem by stabilizing the polyuridylated 3′ ends of pegRNAs [191]. But
other approaches have been suggested as well, such as adding structured RNA motifs to
3′ ends [193–195], using untethered circular RT templates [196,197] or using exonuclease-
resistant synthetic guides [198].

Recruiting helper proteins to the editor through aptamers, the Suntag system, or
covalently fused linkers (as in PE7) is a common approach used to influence editing
efficiency. The pioneer transcription factor P65 [199], chromatin-modulating peptides [200],
RAD51 DNA-binding domain [201] and T5 5′ exonuclease [202] are examples of helper
proteins integrated into PE systems to promote chromatin accessibility, stabilize ssDNA
and remove 5′ flaps, respectively. Two helper peptides (NFATC2IPP1 and IGF1PM1) that
boost the translation efficiency of the PE2 editor were discovered because of extensive
screening [203].

Several groups have focused on modifying the SpCas9-RT sequence to improve the
protein architecture, optimize Nuclear Localization Signals (NLSs) and RT codon usage,
remove potential splice sites and introduce mutations to increase nuclease activity. These
efforts resulted in more efficient prime editors, such as PE* [204], PEmax [190] and iPE-
C/iPE-N [202]. Among them, PEmax is a widely used variant (Table 1), which includes
SpCas9 with additional R221K and N394K substitutions that improve nuclease activity, a
34-aa linker containing a bipartite SV40 NLS, human codon-optimized RT and an additional
C-terminal c-Myc NLS [190].

The proximity of a PAM to the target is a huge challenge for CRISPR-based editing
(Figure 2). The PAM of the most widely used SpCas9, NGG, occurs only once in every
16 genomic loci. To broaden the set of editable targets, a near-PAM-less SpRY SpCas9
variant and SpCas9 variants recognizing NGA, NGCC and NG were engineered and tested
in combination with PE [205–210]. In addition, orthologous Cas9 variants from Staphy-
lococcus aureus (SaCas9, NNGRRT PAM, SaCas9KKH, NNNRRT PAM) and Francisella
novicida (FnCas9, NGG PAM, RHA-FnCas9, YG PAM) have been tested. The FnCas9
variants cleave 6–8 nt upstream of the PAM, in contrast to SpCas9, which cleaves 3 nt
upstream of the PAM. On average, they demonstrated lower editing efficiencies compared
to SpCas9 [204,210,211]. Recently, Cas12a has been developed, which is the first prime
editor based on the type V CRISPR-Cas effector protein. Cas12a demonstrated up to 40%
editing efficiency in vitro [212].

Several groups have tried to substitute M-MLV RT with RTs from other organisms,
however, so far, none of the natural RT proteins has surpassed the efficiency of M-MLV RT.
The most successful attempts so far include the evolution of Escherichia coli Ec48 retron-
derived RT and Schizosaccharomyces pombe Tf1 retrotransposon-derived RT, which have led
to the development of PE6a, PE6b and PE6c (Table 1) [209].

Another promising approach is to replace RT with a DNA-dependent DNA poly-
merase. A fundamental difference from classic PE in this case is the requirement of a DNA
template. Three research groups have tested this concept in different configurations. Liu
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et al. previously developed a split PE approach with untethered SpCas9 nickase and RT, but,
in their recent work, they substituted RT with a replicative polymerase from Bacillus subtilis
phage phi29 [196,213]. In this system, the phi29 DNA polymerase is fused to the MS2 coat
protein (MCP) and tethered via the MS2 stem–loop to the template, which is separated
from the guide RNA. Ferreira da Silva et al. developed an approach called click editing
(CE) [214]. The CE editor is a fusion of an SpCas9 nickase, a 3′-5′ exonuclease-deficient
Klenow fragment from E. coli DNA polymerase I, and an HUH endonuclease (HUHe) from
porcine circovirus 2 (PCV2). The PCV2 protein forms a covalent phosphotyrosine adduct
with the HUHe recognition sequence in the click DNA (clkDNA) template. Similarly to
the approach of Liu et al., the DNA polymerase template is not fused to the guide in this
case. Finally, the recent pre-print by Nguyen et al. describes a two-component chimeric
oligonucleotide-directed editing (CODE) system with an architecture similar to the original
PE design [215]. The CODE system includes a thermophilic Bst DNA polymerase from
Geobacillus stearothermophilus fused to the SpCas9 nickase and a long chimeric cpegRNA
with a DNA extension on the 3′ end composed of a PBS and the DNA polymerase template.
These DNA-polymerase-based technologies will likely expand the toolbox of editors with
new capabilities in the future.

While rational design and phage-assisted protein evolution have accelerated progress
in PE optimization, AI-assisted in silico protein optimization is undoubtedly the next
step. In a recent pioneering study, Jiang et al. combined protein language models with a
top-layer regression model to perform several rounds of PE2 evolution [216]. In the first
round, random mutants were selected and tested experimentally. In subsequent cycles,
the model actively learnt from the data and predicted variants with improved efficiency
for experimental validation. In seven rounds, with just 12 mutants tested in each, the
model predicted several variants, with a ~1.5-fold improvement in editing relative to PE2.
Surprisingly, most of the substitutions were in the C-terminal RNase H domain and were
not uncovered by previous in vitro optimization methods, demonstrating that there is still
room for improvement even for the relatively well-optimized PE2 editor.

4.3. Bidirectional Prime Editing Systems (Bi-PE)

PE successfully installs insertions of up to ~40 bp and deletions of up to ~80 bp [187].
To enable larger modifications, several groups independently tested TwinPE [217],
GRAND [218], PRIME-Del [219], HOPE [220] and Bi directional PE (Bi-PE) systems [221] in
human cell lines (Figure 4A–C). The five approaches share the idea of using two pegRNAs
that target opposite DNA strands, encoding complementary or partially-complementary 3′

flaps that hybridize to each other. Deletions of ~1 kbp were generated using these methods
with up to 30–80% efficiencies reported by different groups [217,221]. Choi et al. were
able to obtain 10 kbp deletions at the HPRT1 locus using PRIME-Del with ~0.8% efficiency
measured by ddPCR [219]. Remarkably, sequencing amplicons with the deletion revealed
that only ~3% of them contained additional indels [219]. Similarly, TwinPE demonstrated
precise deletions of up to 780 nucleotides, including exon deletions with efficiencies up to
28% and only 5.1% indels [217]. These results demonstrate the high precision of deletions
introduced by Bi-PE systems, as shown by several independent groups [217,221].

In addition to targeted deletions, dual-pegRNA strategies can be used to replace the
target locus with a heterologous sequence [217,219–221]. Although such strategies inherit
the inability of PE to integrate very long sequences, ~150 bp fragments were inserted with
up to 63% efficiency due to splitting the sequence between the two partially overlapping
flaps [218].
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Figure 4. Bidirectional prime editing (Bi-PE) systems tested in human cells. (A–C) Nickase-based
Bi-PE systems. Several methods are presented, all sharing the same principle: a nickase-based prime
editor targets opposite strands of the same chromosome using a pair of pegRNAs. The pegRNA
extensions are designed so that the resulting 3′ flaps are at least partially complementary to each other.
The exact mechanism following the annealing of the 3’ flaps is unknown. The suggested process
includes removal of 5’ flaps, gap filling, and ligation. Based on the composition of the 3’ flaps, Bi-PE

approaches can be roughly divided into three categories: (A) In PrimeDel and a variation of Bi-PE,
the 3’ flaps contain an edit (E) and a homology arm (HA). The HA of a flap connected to cleavage
site 1 (pegRNA 1) is complementary to the region next to cleavage site 2 (pegRNA 2) and vice versa.
Thus, in this case, the 3’ terminal part of each flap (the homology arm, HA) invades the homologous
duplex while the remaining portions of both flaps hybridize to each other. This approach leads to
the installation of edits accompanied by a deletion of the entire region between the two cleavage
sites. Note that the edit may be removed from the flaps, resulting in clean deletions. (B) In the HOPE
system, the 3’ flaps also share homology with the chromosome, but the homologous sequence directly
follows the same nick site (black arrowheads). With this approach, a part of the region between the
two nicks may be replaced with another sequence. (C) In TwinPE, GRAND and another variation of
the Bi-PE approach, the 3’ flaps do not contain endogenous sequences. This approach allows one to
replace the entire region between the two nicks with an exogenous sequence. (D) Nuclease-based
Bi-PE systems. The method called PEDAR (Precise and Specific Deletion and Repair) or Bidirectional
Wild-Type Prime Editing (Bi-WT-PE) involves a nuclease-based prime editor together with a pair
of pegRNAs targeting opposite strands of the same chromosome. The cleavage (black arrowheads)
splits the chromosome into three parts: the central part enclosed between the two cleavage sites
(lost during subsequent repair) and two parts with 3’ flaps generated by prime editing. The two
pegRNAs are designed with complementary edits. In addition, a HA may be present in the bi-WT-PE
approach, similarly to the approach presented in A. The annealing of the two 3’ flaps generated by the
nuclease-based systems may be mediated by SSA or MMEJ, but the precise mechanism is unknown.
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An alternative strategy for targeted insertions called template-jumping PE (TJ-PE)
was suggested by Zheng et al., inspired by retrotransposon replication [222]. This method
starts as regular PE, but the reverse-transcribed sequence includes a region at its 3’ end
that serves as a PBS for a second reverse transcription reaction. A second guide RNA is
used to introduce a nick in the opposite DNA strand at some distance from the initial nick.
The nicked DNA 3′ end hybridizes to the initial 3′ flap, and RT initiates the second reverse
transcription reaction. Using TJ-PE, 200 bp sequences were accurately integrated with ~34%
efficiency and ~2% integration of 800 bp EGFP fragments was observed.

Overall, these results demonstrate the great potential of Bi-PE systems for skipping or
rewriting exons, inserting minigenes and correcting complex genetic rearrangements.

4.4. Recombinase-Based Prime Editing Systems

Several PE proteins capable of making precise insertions and deletions in human
cells have been described. However, these proteins currently cannot mediate insertions
or deletions of sizes typical of exons or entire gene coding sequences. Such large DNA
changes require extended pegRNA reverse transcription templates and long-range DNA
polymerization, which significantly reduce editing efficiency. To address this limitation,
several research groups have focused on recombinase-based prime editors, which use
site-specific recombinases (SSRs). SSRs are enzymes that can excise, invert and integrate
large DNA sequences in mammalian cells by catalyzing recombination between attachment
sites attB and attP [223]. For example, one of the most used recombinases is Bxb1, a
500-amino-acid protein that binds attP and attB recognition sites that are 39 and 35 bp,
respectively [224]. When PE is used to install one of the two attachment sites (e.g., attB) at
a genomic location, a larger cargo can be subsequently integrated inside the attB sequence
by Bxb1 if a donor DNA containing the attP site is provided.

This Prime-Editing-Assisted Site-Specific Integrase Gene Editing technology (PAS-
SIGE) was introduced together with TwinPE, mentioned above [217,225]. At the time of
initial publication, PASSIGE enabled highly efficient integration of the attachment site into
the genome with more than 50% efficiency. When a clonal attB-containing cell line was
isolated, subsequent transfection with Bxb1 and a donor plasmid led to up to 17% integra-
tion efficiency, demonstrating the huge potential of this technology. Yet a low efficiency
when all reagents were delivered in a single transfection step (up to ~6.8%) remained
a limitation [217]. In 2024, PASSIGE was significantly improved through the evolution
of Bxb1 using PACE and PANCE. The evolved and engineered variants, evoBxb1 and
eeBxb1 respectively, achieved 2.7-fold and 4.2-fold average improvements in the efficiency
of targeted DNA integration, respectively.

These improvements resulted in evolved PASSIGE (evoPASSIGE) and engineered
PASSIGE (eePASSIGE). These systems achieved integration efficiencies ranging from 20%
to 46% for multi-kilobase gene-sized cargo at commonly used and therapeutic loci after a
single transfection [225].

In 2023, Gootenberg and colleagues introduced PASTE (Programmable Addition via
Site-Specific Targeting Elements). In contrast to PASSIGE, which relies on TwinPE, PASTE
relies on a classic PE approach with a single pegRNA. In addition, a serine integrase is
directly fused to PE, rather than provided in trans. PASTE achieved the integration of DNA
cargo of up to 36 kb in a single delivery reaction, with efficiencies of 50–60% in cell lines
and 4–5% in primary human hepatocytes and T cells [226].

Interestingly, recombinase-based methods can also be used to correct genomic rear-
rangements. For example, in a model of Hunter Syndrome, multiplex TwinPE insertion
of attB and attP into the genome, combined with Bxb1 recombinase, facilitated a 40 kb
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inversion [217]. Meanwhile, two other studies reported dual-pegRNAPE systems capable
of inducing large deletions in human cells and plants [219,227].

Future advances in PE technologies together with the discovery and directed evo-
lution of new recombinases are expected to enhance the capabilities and applications of
recombinase-based technologies in PE [228].

4.5. The Role of DNA Repair Genes in Prime Editing
4.5.1. Mismatch Repair (MMR)

In human cells, short mismatches or insertion/deletion loops (IDLs) of up to 13 nt
are recognized by either the MUTSα complex (MSH2/MSH6 heterodimer) or the MUTSβ
complex (MSH2/MSH3 heterodimer), which have partially-overlapping binding speci-
ficities (Figure 3F) [229–234]. MUTSα predominantly binds to base mispairs and short
insertion/deletion loops (IDLs) that are up to 3 nt long [230,232,233]. In comparison,
MUTSβ is essential for recognizing longer IDLs (~10 nt). It binds some shorter IDLs, but
does not bind mispairs [229,233].

MUTSα/MUTSβ bound to a lesion recruits the MUTL complex, the main form of
which, MUTLα, is a heterodimer of MLH1 and PMS2 (Figure 3F [235,236]. In the presence
of MUTSα/MUTSβ, RFC and PCNA, MUTLα cuts the strand containing a pre-existing
break near the mismatch [237]. MUTLα makes incisions 5′ and 3′ to the mispair [237]. The
cuts made to the 5′ of the mismatch are of particular importance, because they serve as
an entry point for the exonuclease EXO1, which is activated by MUTSα and removes a
mismatch-containing patch in the 5′-3′ direction (Figure 3G) [238,239]. The generated gap
is filled by DNA polymerase δ or ε holoenzyme (Figure 3H) [240–242]. Alternatively, POL δ

synthesizes DNA while simultaneously displacing the mismatch-containing strand without
EXO1 involvement [238]. The generated 5′ flap is removed by a 5′ flap endonuclease, FEN1,
FAN1 or DNA2 (Figure 3G [238,243,244]. The final ligation step is likely performed by
DNA LIG1, based on its interaction with PCNA, involvement in replication and ability to
complete MMR in vitro (Figure 3I) [245,246].

The requirement of a pre-existing break for the cleavage by MUTLα is fundamental in
eukaryotic MMR. Since the main function of MMR is the correction of replication errors,
discontinuities in the newly synthesized DNA direct the repair machinery towards the
daughter strand to preserve the initial sequence. This mechanism poses a challenge in PE,
where the strand with an RT-introduced edit also contains a Cas9-generated nick. This
problem was identified by Anzalone et al., who developed PE3 in an attempt to trick
MMR by introducing a second nick in the nonedited strand (Figure 3K) [187]. The second
cut is generated by the same SpCas9(H840A)-RT protein coupled to an sgRNA targeting
the region 5′ or 3′ from the edit. This strategy increased editing efficiency ~1.5–4.2-fold
compared to PE2 at four out of five tested targets. The efficiency of PE varied between
different secondary cut sites with no apparent correlation between the percentage of
intended edits and the location of the secondary cut relative to the initial cut site. In
addition, the percentage of indels varied greatly depending on the location of the secondary
cut; some sgRNAs did not change the indel level relative to PE2, while the others led to
more than a 20-fold increase [187]. Habib et al. compared the frequency of indels between
cells treated with PE3 and a similar system where the pegRNA was substituted with an
sgRNA targeting the same site [247]. The PE3 system led to ~10% indels at two tested
sites, while the same system with two nicks but lacking a 3′ flap resulted in almost no
indels. These observations suggest that indels in PE3 are not directly caused by two nicks
but rather arise because of the processing of flaps in the presence of a second nick in the
opposite strand [247].
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To decrease the probability of DSB formation, a strategy called PE3b was proposed in
the same study [187]. The sgRNA in PE3b is designed to target the established edit, but not
the initial sequence. To eliminate the risk of DSBs, the 5′ flap must be removed, and the
edited strand must be ligated for the sgRNA-mediated nick to occur. The PE3b approach
indeed demonstrated decreased levels of indels compared to PE3, although, in some cases,
the percentage of prime edits was higher with the PE3 approach [187]. These findings
highlight the importance of screening various sgRNAs to achieve the optimal edit/indel
ratio when using PE3.

Though it was expected that MMR counteracted the establishment of the edit at
the time when the concept of PE was introduced by David Liu [187], it was not proven
genetically until two years later when the same group published the results of a CRISPRi
screen [190]. In this study, Chen et al. tested how knocking down each of 476 genes involved
in DNA repair or associated processes affected the efficiency of PE2 or PE3. MLH1, PMS2,
MSH2 and MSH6 knockdowns led to the highest increase in the intended base substitutions,
corroborating the inhibitory effect of MMR on PE. The increase in the intended edit was
higher for PE2 (up to a 5.8-fold increase) than for PE3 (up to a 2.5-fold increase), but, in
the case of PE3, the inhibition of the MMR genes also had a positive effect on the purity of
editing outcomes by reducing indels. Deletions outside of the region between the pegRNA
and sgRNA cut sites were especially responsive to MMR inactivation, suggesting that a part
of them is caused by MMR. EXO1 inactivation improved editing efficiency to a lesser extent
compared to MUTSα or MUTLα, which is in line with the existence of EXO1-dependent
and EXO1-independent pathways of MMR (Figure 3G) [237–239].

Another study by da Silva et al. explored the effect of 32 gene knockouts on PE
and confirmed the inhibitory effect of MMR [248]. The only marked differences were the
absence of the MSH6 effect, observed by Chen et al., and an increase in PE in the ΔMSH3
background. This discrepancy can be explained by the different substrates used in the
two studies. Chen et al. used a single-nucleotide mismatch, the substrate of MUTSα
(MSH2/MSH6 heterodimer), while da Silva et al. used a 5 bp deletion loop recognized by
MUTSβ (MSH2/MSH3 heterodimer) [190,248]. A recent study by Park et al. highlights
these differences, demonstrating that base mispairs and 1 nt IDLs are enhanced in ΔMSH6
knockout cells; 5–10 nt IDLs are enhanced in ΔMSH3 mutants; 3 nt IDLs are stimulated by
either of the two deletions; and 15–34 nt IDLs are not affected by MSH2/MSH3/MSH6 [249].
In addition, an shRNA screen performed by Li et al. revealed an inhibitory effect of MMR
components PMS2 and MLH1 on 6 nt insertions, though no consistent results were observed
for other MMR factors [250]. Overall, these genetic studies unequivocally demonstrate
the inhibitory effect of MMR on PE. These findings are further supported by microscopy,
revealing colocalization of a prime editor with MLH1 or MSH2 [248].

To our knowledge, there is no available small-molecule inhibitor of MMR. However,
several other approaches have been suggested to leverage the effect of MMR inactivation
on PE. Chen et al. suggested that contiguous mismatches are not well recognized by
MMR, and therefore increasing the size of the edit by introducing silent mutations should
promote PE [190]. Indeed, PE2 works ~2.7-fold better on 3-5-base contiguous substitutions
compared to shorter 1-2-base mutations [190].

If the intended outcome is an insertion or deletion, the inhibitory effect of MMR should
decrease with the increase in the IDL length. IDLs of up to 12 nt are still repaired by MMR
in vitro when treated with extracts of HeLa cells, although at a lower efficiency compared
to shorter IDls, and IDLs longer than 16 nt are unlikely to be recognized by MMR [251]. In
line with this, Koeppel et al. demonstrated that the fold change difference in PE efficiency
between wt and ΔMLH1 cells decreases exponentially with increasing insertion length.
According to their model, a ~23–28-fold difference is expected for 1 nt insertions, which

135



Cells 2025, 14, 277

drops by 40–48% for every additional nucleotide, approaching 1 for insertions longer than
13 nt. However, increasing the indel size is not always possible when it comes to editing
a therapeutically-relevant target. In addition, if the intended outcome is a long insertion,
other factors, such as RT processivity or the presence of secondary structures in the reverse
transcription template, may lower efficiency [252].

Transient inactivation of MMR components using siRNA is another strategy to enhance
PE, but it requires pre-treatment with siRNA for 2–3 days [190]. Transient degradation of
the MLH1 protein tagged with dTAG is another alternative [248]. However, this method is
even more time-consuming since it requires introduction of the tag into the genome.

Chen et al. suggested co-expressing the dominant negative variants of MMR genes
together with a prime editor to achieve transient MMR inactivation [190]. Among several
tested engineered MLH1, PMS2, MSH2 and MSH6 proteins, the MLH1 Δ754–756 variant
(referred to as MLH1dn) added in trans demonstrated the highest results. The combination
of PE2 with MLH1dn was designated as PE4, and the combination of PE3 with MLH1dn
was designated as PE5 (Table 1). Alternatively, an MLH1NTD–NLSSV40 variant, which is
less efficient but smaller in size (355 aa vs. 753 aa for MLH1dn), can be used. Overall, the
addition of MLH1dn improved the installation of all types of substitutions, although the
effect was smaller for G-C to C-G edits. The G-C to C-G mutation is formed due to C-C
mismatches that are not efficiently repaired by MMR and therefore have a higher basal
editing level [190,253]. The efficiency of short 1 or 3 bp indel installation was also greatly
improved by MLH1dn. However, the effect decreased with the size of the indel, and almost
no difference between PE2 and PE4 was observed for indels ≥ 15 nt in length. The effect
of MLH1dn on PE also depends on the cell line. The improvement is smaller in cells like
HEK293T, in which MMR is already partially-inactivated, compared to MMR-proficient cell
lines such as HeLa, K562 and U2OS [190]. These results demonstrate the great potential of
PE4 and PE5 technologies for cell engineering and therapeutic application. However, there
is also a possibility for a further improvement since the use of MLH1dn does not completely
inhibit MMR, as evidenced by the higher activity of PE in ΔMLH1 knockout cells.

4.5.2. FEN1

Following the reverse transcription step, an intermediate with a 3′ flap, which can be
converted into a 5′ flap, is formed (Figure 3C,D). The removal of the 5′ flap is a favorable
process for PE, while the cleavage of the 3′ flap may lead to unintended editing outcomes.
FEN1, a 5′ flap endonuclease that removes RNA primers of Okazaki fragments, is an
obvious candidate for the role of the enzyme that removes 5′ flaps in PE [254]. Indeed,
the results of the CRISPRi screen by Chen et al. revealed a decrease in PE2 and PE3
efficiency upon FEN1 knockdown [190]. Li et al. also reported a significant decrease in PE
in cells expressing FEN1 shRNA [250]. The observed decrease was less than 2-fold in both
studies, suggesting either functional redundancy with other proteins or knockdown that
was not efficient.

4.5.3. HLTF

DNA damage that hasve not been repaired prior to replication can stall the progres-
sion of a replication fork. To achieve the completion of replication despite the presence of
damage, two DNA damage tolerance (DDT) pathways have evolved: translesion synthesis
(TLS) and template switching (TS) [255,256]. The TLS pathway is initiated by the monoubiq-
uitination of PCNA at K164 and relies on low-fidelity DNA polymerases replicating DNA
across damaged bases [257]. The TS pathway is initiated by the polyubiquitination of
PCNA at K164 [258–260]. It operates by switching the template from the damaged strand
to the nascent daughter strand on the sister chromatid to bypass the damage [256,261].
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The HLTF (Helicase-Like Transcription Factor) protein was initially characterized as
a transcription factor binding to promoters and enhancers of various genes and hence its
name he high degree of sequence similarity between HLTF and its closest ortholog, RAD5,
which is central to the TS pathway in Saccharomyces cerevisiae, prompted studies of HLTF
function in the DNA damage response and led to the discovery of its role in TS. Similarly
to RAD5, HLTF is an E3 ubiquitin ligase (E3) and catalyzes PCNA polyubiquitination [260].
The DNA-binding domain of HTLF recognizes 3′ ends of stalled replication forks and the
helicase domain promotes fork reversal [262,263]. Interestingly, a recent study demon-
strated a direct interaction between HLTF and MSH2 in human cells [264]. However, the
functional significance of this interaction for MMR or TS remains unknown.

Chen et al. demonstrated a weak stimulating effect of HLTF on PE2 and an inhibiting
effect on PE3 in two different cell lines with a single-nucleotide substitution as the desired
edit [190]. In contrast, Li et al. observed an upregulation of 6 nt insertions installed via
PE2 upon knocking down HLTF [250]. This study also revealed that the inhibitory effect
of HLTF on PE2 varies across genomic targets, with actively transcribed genes being more
responsive to HLTF knockdown compared to non-transcribed regions. At the same time,
only minimal changes in gene expression and chromatin accessibility were revealed in
cells with HLTF knockdown, suggesting that its effect on PE is not related to its role as a
transcription factor. It is yet to be determined whether HLTF influences PE through its
function in TS, the interaction with MSH2, or another uncharacterized mechanism. The
reason for the opposite effects of HLTF on PE2 vs. PE3, as well as different types of edits,
also remains unknown.

4.5.4. TREX1 and TREX2

TREX1 (DNase III) and TREX2 are 3′-5′ exonucleases that are active on ssDNA and
dsDNA [265–267]. The preferable substrate for both enzymes is a partial DNA duplex with
mispaired 3′ termini like the 3′ flap generated during PE [265]. TREX1’s main role is to de-
grade cytosolic DNA and prevent inappropriate immune responses through a cGAS-STING
pathway of DNA sensing [268,269]. Accordingly, TREX1 is predominantly localized in the
perinuclear space or endoplasmic reticulum [270,271]. However, several studies detected
TREX1 in nuclei under certain circumstances. For example, when cytolytic T cells and NK
cells release Granzyme A (GZMA) into target cells through an immunological synapse,
TREX1 moves to the nucleus to enhance DNA degradation during the caspase-independent
cell death pathway [272]. More importantly, in the context of gene editing, TREX1 translo-
cates to the nucleus upon UV, γ irradiation or hydroxyurea treatment in growing mouse
cells, suggesting that TREX1 may play a role in DNA repair or damage tolerance, although
the mechanism remains unknown [273,274]. ~3-fold decrease in unintended deletions with
the PE3 approach was detected upon knocking down TREX1 [190]. Therefore, it is likely
that TREX1 is present in the nucleus and ready to trim DNA ends when PE occurs.

TREX2 is a nuclear protein that participates in DDT, processing stalled replication forks
and promoting mutations through its 3′-5′ exonuclease activity and ability to ubiquitinate
PCNA at K164 [252,275,276]. TREX2’s impact on genome stability depends on genetic
backgrounds, but, at least in some cases, TREX2 degrades unprotected 3′ ends. For example,
in mouse embryonic stem cells expressing human mutant RAD51 K133A defective in
filament assembly, TREX2 contributes to the nascent strand degradation after treatment
with hydroxyurea [276].

Although both TREX1 and TREX2 may theoretically antagonize PE by degrading 3′

flaps, their role in PE is not clear. Koeppel et al. tested the effect of TREX1 or TREX2
overexpression on the efficiency of insertions installed by PE2 and found that both enzymes
interfere with prime insertions in a length-dependent manner [252]. While only up to 3-fold
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differences were observed for 1 nt insertions, TREX1/2 overexpression led to a 20-180-fold
decrease in editing for longer 30 nt insertions. However, the effect of TREX1/2’s loss of
function on short vs. long PE insertions has not been studied and therefore it is not clear
whether the observed differences reflect what happens in cells with a normal expression
level. No effect of TREX1 knockdown on base substitutions installed by PE2 or PE3 was
detected in the CRISPRi screen by Chen et al. [190]. Similarly, the shRNA screen by Li et al.
did not detect statistically significant differences for 6 bp prime insertions between cells
with or without TREX1 shRNA [250] It is unknown whether TREX1/2 only interferes with
long insertions, and further experiments are required to support or refute this.

4.5.5. LIG1

The 3′ flap must be ligated for the successful completion of PE. If the resulting het-
eroduplex is resolved through MMR, the MMR outcomes should also be ligated to restore
DNA integrity. Chen et al. demonstrated a decrease in PE2 and PE3 upon LIG1 knockdown
in HeLa and K562 cells [190]. In contrast, Li et al. did not observe an inhibitory effect of
LIG1 knockdown on PE2 in K562 cells [250]. Therefore, further experiments are required to
elucidate the impact of DNA ligases on PE.

4.6. Prime Editing Nuclease (PEn) and Associated DNA Repair Pathways

The efficiency of PE varies between cell lines. Adikusuma et al. replaced SpCas9
nickase with SpCas9 nuclease, as they hypothesized that the low efficiency of PE in HeLa
and K562 cells might be due to inefficient 5′ flap resection and removal of the nonedited
strand (Figure 5A). SpCas9 nuclease boosted the overall PE efficiency from 22% to 71%
in K562 cells and from 6.7% to 30% in HeLa cells [277]. Motivated by the high efficiency
in vitro, Adikusuma et al. next applied PEn to generate mice through zygote microinjection.
Though the efficiency varied depending on the target and the edit type, remarkable results
were achieved. For example, in some cases, up to 87.5% of the mice contained the intended
edit with 3 nt insertions at the CHD2 and COL12A1 sites while 100% of the mice had the
intended edit at the TYR site [277].

A few months after the first paper on PEn was released, three other research groups,
including ours, published results on PE using SpCas9 nuclease [278–280]. Two of these
studies demonstrated that, similarly to the TwinPE/Bi-PE/PRIME-Del/HOPE/GRAND
technologies, PEn combined with a pair of pegRNAs targeting complementary strands
can be used to delete large pieces of DNA and insert a short sequence encoded in the
3′ flaps (Figure 4D [279,280]. This method, called PE-Cas9-based deletion and repair
(PEDAR)by Jiang et al. or bi-WT-PE by Tao et al., achieved ~3% deletion of a 16.8-megabase
region in cell cultures, which is much larger than was previously reported for PRIME-
Del [219,280]. In vivo, PEDAR enabled precise correction of a 1.38-kilobase pathogenic
insertion disrupting the FAH gene in a mouse model of tyrosinemia [279]. In the presence
of a tyrosine catabolic pathway inhibitor, ~1% of hepatocytes in PEDAR-treated mice
expressed FAH. In the absence of the inhibitor, the corrected hepatocytes gained a growth
advantage and repopulated the liver, leading to ~78% corrected alleles, demonstrating the
potential therapeutic relevance of this method.

Tao et al. showed that this technology can also be used for installing inter-chromosomal
translocations. Interestingly, most of the translocations were unbalanced, likely because
the complementary 3′ flaps promote the joining of distant regions, while the respective
PAM-proximal blunt ends remain non-ligated [280]. However, the exact mechanism is not
known. The two complementary 3′ flaps are required for PEDAR, since the concomitant
use of a pegRNA and an sgRNA fails to produce the correct edit [279]. Therefore, it is likely
that the process is driven by MMEJ or SSA, but this awaits experimental validation.
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Figure 5. Nuclease-based prime editing(PE)technologies. (A–C) DNA cleavage and reverse transcrip-
tion mediated by PEn (prime editing nuclease) and pegRNA. DNA cleavage and 3′ flap generation
proceed similarly to the classic PE approach, except that a DSB is generated instead of a nick (A,B).
Cleaved DNA with a 3′ flap containing a homology arm (HA, magenta) and an edit (E, light blue)
is shown (C). Dashed lines denote the region in the chromosome that corresponds to the HA in the
flap. This schematic depicts a scenario in which PEn substitutes a region downstream of the break
with an edit. (D–F) A homology-directed mechanism leading to the correctly installed prime edit.
While the exact mechanism is not known, it is governed by the HA in the flap, which needs to invade
the homologous duplex at the other side of the break (D). In the case of a continuous substitution
(depicted), the invasion will generate two flaps with the original sequence. The removal of the flaps,
subsequent gap filling, and ligation (E) lead to successful installation of the edit (F). (G–J) Imprecise
integration of the edit via c-NHEJ. In the case when strand invasion fails, c-NHEJ can align the two
sides of the break, one of which contains the 3′ flap (G). Although the detailed mechanisms are not
clear, subsequent gap filling and ligation (H) lead to the installation of the edit which is accompanied
by the duplication of the HA (I). c-NHEJ may be accompanied by limited end resection, leading to
indels (J). Inhibitors of DNA-PKcs and 53BP1 which have been shown to inhibit c-NHEJ following
PEn editing are shown beside arrows that depict the sequential flow of events. (K) End resection
may result in DSB repair via single-strand annealing (SSA), resulting in a deletion between two
long homologous sequences denoted as ‘H’. (L) End resection may result in DSB repair via MMEJ,
resulting in a deletion between two microhomologies denoted as ‘MH’. Inhibitors of POL θ which
have been shown to inhibit MMEJ following PEn editing are shown beside arrows that depict the
sequential flow of events. (M–O) DNA cleavage and reverse transcription mediated by PEnwith a
pegRNA missing an HA (also called springRNA). The method is called PRimed INSertions (PRINS).
DNA cleavage and 3′ flap generation proceed similarly to the stages depicted in A-C (M,N). Cleaved
DNA with a 3′ flap containing only the edit (E, dark orange) is shown (O). Due to the absence of an
HA, insertions are the only possible edit that can be installed. (P–R) Precise integration of the edit via
c-NHEJ. c-NHEJ aligns the two sides of the break, one of which contains the 3′ flap (P), and ligates
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them (Q), although the detailed mechanisms are not clear. Gap filling and subsequent ligation lead to
the installation of the intended insertion (R). Similarly to PE using PEn and pegRNA, processing of
the break caused by PRINS editing may result in erroneous c-NHEJ (J), SSA (K) or MMEJ (L). The
DNA-PKcs inhibitor, which has been shown to inhibit Choi PPRINS, is shown beside an arrow that
depicts the sequential flow of events.

More clarity on the DNA repair mechanism has been achieved for PEn with a single pe-
gRNA. Adikusama et al. and later others noted that while PEn greatly improves the overall
PE efficiency, many edits contain duplications of the homology arm sequence [277,278,280].
These imprecise edits might be products of DSB repair mediated by c-NHEJ when the
3′ flap is directly ligated to the PAM-proximal side of the break (Figure 5G–I), while the
precise insertions could occur through a homology-dependent process (Figure 5D–F). In-
deed, members of our group, demonstrated that the additional RT template integrations
were abolished upon treatment with the selective inhibitor of DNA-PK, AZD7648 [161,278].
Moreover, at several loci, DNA-PK inhibition also led to an increase in total rates of cor-
rect insertions [278]. In 2023, Li et al. applied another DNA-PK inhibitor (NU7441) and
demonstrated improved purity of the RT-dependent edits, reaching up to 75% precision,
thus confirming the results obtained by our group [281]. They also tested the effect of
inhibiting 53BP1, a protein promoting c-NHEJ by blocking the 5′ end resection required
for HDR [281]. Previously it was shown that engineered ubiquitin variants prevent the
recruitment of 53BP1 to DSBs [172]. Li et al. demonstrated that the UBVG08 variant, and
especially its derivative G08(144A), also called i53, consistently promoted the levels of
accurate edits by PEn at three tested endogenous sites [281]. This approach was called
uPEn (ubiquitin-variant-assisted PEn). uPEn efficiently installed insertions (38%), deletions
(43%) and substitutions (52%) in HEK293T cells [281]. Altogether, the results obtained by
Peterka and Li demonstrate that inhibiting c-NHEJ is a promising approach to improve the
precision of PEn.

While DNA-PK inhibition greatly reduced imprecise prime edits in experiments by
Peterka et al., it did not change the percentage of unrelated indels. Strikingly, DNA-
PK inhibition in POLQ-/- cells almost completely abolished indels without compromising
precise editing [278]. At the same time, no difference in indels was observed between wt and
POLQ-/- cells without DNA-PK inhibition. This important experiment demonstrates that
c-NHEJ and MMEJ are redundant pathways responsible for the generation of byproducts,
and a remarkable purity of prime edits can be achieved by the simultaneous inhibition of
both pathways. Recently, Antoniou et al. tested this idea in wt cells treated with AZD7648
targeting DNA-PK and PolQi1/PolQi2 inhibiting POL θ [157,282]. Simultaneous treatment
with all three compounds led to almost 100% purity in HEK293T and HeLa cells. This
approach was called 2+iPEn. Similar precision was achieved with the nickase-based PE5
approach, but 2+iPEn’s overall efficiency greatly surpassed PE5 on some of the targets
(although was lower on the others) [282].

Though homology arm duplications are very frequent in PEn without inhibitors,
these events also occur in nickase-based PE approaches utilizing a second nicking guide.
Adikusuma et al. demonstrated that such events were present in all tested PE3 target sites
and comprised 5–40% of the unintended edits [277]. Therefore, it would be interesting to
test if DNA-PK inhibitors further improve the purity of PE3 and PE5.

Once it became clear that PEn-mediated imprecise edits could be inserted through a
homology-independent c-NHEJ mechanism, testing a pegRNA without a HA was the next
step. The method was called PRINS (Single Primed INsertion) and the pegRNA without an
HA was called springRNA (Single PRimed INsertion gRNA) (Figure 5M–R) [278]. Peterka
et al. showed that PRINS can install an intended insertion with up to 50% efficiency across a
panel of targets in various cell lines [278]. Data from an independent study also confirmed
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the ability of PRINS to install an insertion at three tested targets [280]. Precise PRINS editing
was completely abrogated if cells were treated with the DNA-PK inhibitor, thus confirming
that NHEJ is responsible for PRINS-mediated insertion [278]. We expect that PRINS will
become a useful technology for editing cell lines with inefficient homology-based pathways.
The limitation of PRINS is its inability to install modifications other than insertions.

5. Delivery of Prime Editing

Delivery strategies for PEcan be categorized into three main types: physical, chemical
and viral. Physical delivery methods include microinjection and electroporation. Chemical
delivery strategies involve liposomes and nanoparticles, while viral delivery commonly
utilizes retroviruses, adenoviruses and adeno-associated viruses (AAVs), which are the
most widely used vectors for delivering PE components [283]. In this chapter, we will
focus on the delivery of PE using AAVs, lipid nanoparticles (LNPs) and virus-like particles
(VLP).

AAV vectors are currently the leading platform not only for PE but also for various
gene therapy applications. They can transduce both dividing and non-dividing cells and
rarely integrate into the host genome [284]. Additionally, they are considered safe, as they
are only mildly immunogenic [285]. However, the large size of the prime editor (~6.3 kb)
exceeds the packaging capacity of AAVs (~4.7 kb) [286]. To overcome this limitation, several
split PE systems compatible with dual-AAV vectors were developed, such as a system
with untethered Cas9 and RT, several intein-split PE systems and a system with RT and
Cas9 dimerized through coiled-coil peptides [210,287–292]. To further reduce the size
of the editor, several groups tested RT mutants lacking the ΔRNaseH domain, which is
dispensable for PE [210,289,291].

To achieve a single AAV delivery, a 4.5 kb mini-PE editor composed of compact
Campylobacter jejuni Cas9 (CjCas9 H559A) and truncated M-MLV RT was developed [293].
However, it demonstrated only a maximum of 10% editing efficiency in vitro and less
than 1% in vivo [293]. The application of the CjCas9 editor was also limited by a long
N3VRYAC PAM [294,295]. Recently, a promising evoCjCas9 variant has been derived using
PANCE and PACE [296]. This variant demonstrates higher PE efficiencies and supports
editing at non-canonical PAMs. Though the evoCjCas9-RT prime editor has not been
tested in vivo with an AAV yet, a single AAV delivery of an evoCjCas9 base editor led to
41% editing in hepatocytes and up to 34% in mouse brain [296]. Several new approaches
have since targeted models for brain, eye and liver diseases [196,204,292,297]. A study
published in 2024 reported that dual-AAV delivery achieved up to 42% editing efficiency
in the brain cortex, 46% in the liver and 11% in the heart [287]. Another recent study
demonstrated 17.5% editing efficiency with split-AAV9 delivery at the PCSK9 gene, which
is involved in cholesterol homeostasis [298]. To further enhance therapeutic relevance, size
reduction of PE components could improve the dual-AAV system by simplifying usage
and increasing efficiency.

To address the size limitations of viral delivery and improve safety, alternative meth-
ods such as lipid nanoparticles (LNPs) and virus-like particles (VLPs) have been developed.
LNPs typically consist of four components: ionizable lipids, cholesterol, a helper lipid and
a PEG–lipid conjugate. These components form uniform spheres capable of encapsulat-
ing RNA payloads. The component ratio significantly affects LNP activity, toxicity and
transfection efficiency. LNPs can deliver PE components and other CRISPR tools, such as
mRNA-Cas9 LNPs, which offer efficient loading, design flexibility, and biocompatibility,
making them a key player in clinical-stage gene editing for CRISPR therapies [299]. In
2023, Chen et al. successfully delivered PE mRNA via LNPs in an immunodeficient mouse
model [300]. Herrera-Barrer and colleagues achieved 54% PE efficiency in a reporter cell
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line using enhanced LNPs (eLNPs) [301]. Despite these advancements, LNP accumulation
in the liver restricts their applicability to non-hepatic tissues. Strategies for targeting specific
cells or organs are under development to address this issue [299].

Virus-like particles (VLPs) are non-infectious viral capsid/envelope structures that
deliver gene editing agents such as mRNA or proteins, reducing the risk of viral genome
integration and off-target effects. Currently, lenti/retrovirus-based VLPs are the most used
VLPs for PE delivery [302]. While most studies focus on base editing, An et al. demon-
strated in 2024 that subretinal injection of v3-PE-eVLPs achieved 15% editing efficiency in
a mouse model of retinal degeneration [303]. Very recently, Nanoscribes, a new type of
engineered VLP, achieved up to 25% editing efficiency in myoblasts, hiPSCs and hiPSC-
derived hematopoietic stem cells [304]. Given the potential of VLPs in base editing, their
application in PE is expected to expand significantly in the coming years.

6. Safety

6.1. Off-Target Effects

Evaluating the safety is a pivotal aspect when considering PE as a potential thera-
peutic tool. PE requires not only target–guide RNA complementarity, as with other Cas9-
based methods, but also target DNA-pegRNA PBS complementarity to initiate pegRNA-
templated reverse transcription and target DNA-RT product complementarity for flap
resolution. Hence, researchers hypothesized that these two additional DNA hybridization
steps could reduce off-target PE.

In 2019, Liu and colleagues showed that PE2 and PE3 induce much lower off-target
editing than Cas9 at known Cas9 off-target sites [187]. With the gradual improvement of
PE systems and their on-target editing efficiencies, off-target effects have been evaluated
multiple times and remained consistently low. For example, PE4, PE6 and PE7 did not
substantially increase off-target PE [190–192]. Engineered pegRNA (epegRNA) did not
exhibit a higher level of off-target editing compared with pegRNAs [195]. At the same
time, while nuclease-based prime editors such as PEn and uPEnshowed very high on-
target editing efficiency they also promoted off-targets at a level comparable to the Cas9
nuclease alone, highlighting the need for stringent peg/springRNAs and high-fidelity
Cas9 enzymes.

Recently, several new methods to assess the profile of PE off-target sites have been de-
veloped. In 2023, Wolfe and colleagues published PE-tag, an approach for the genome-wide
identification of prime editor activity. In the same study, they show that off-target editing
rates are influenced by pegRNA design [305]. In 2022, Chen and colleagues developed a
platform to profile guide-independent off-target effects in human cells. Using this approach,
they demonstrated that PE3 does not cause guide-independent off-target mutations in
DNA or RNA, as well as alterations in telomeres, confirming the high specificity of its
reverse transcriptase moiety. In the same year, Lee and colleagues published TAgmentation
of Prime Editor sequencing (TAPE-seq), another method to determine off-target candidates
for PE [306].

6.2. DNA Repair Considerations

While modulating DNA repair may be an efficient strategy to improve PE, associated
perturbations potentially leading to genome instability should be carefully examined.
Nuclease-based PE is often accompanied by the integration of the pegRNA scaffold and
duplications of the HA sequence [221,277,278]. This is something rarely observed with
a nickase-based PE approach, where a 1.7% average total insertion of any number of
pegRNA scaffold nucleotides has been documented [187]. The difference is due to c-NHEJ
precluding correct editing in the case of the nuclease-based approaches. While c-NHEJ
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inhibition with mutations or small molecules like DNA-PK inhibitors AZD7648, M3814 or
NU7441 are effective in decreasing small c-NHEJ-mediated indels, they are also associated
with an increased rate of genomic rearrangements [157,307,308].

Since a short-range PCR is commonly used to evaluate editing outcomes, such complex
events are often overlooked, while the frequency of the detected alleles is overestimated. A
recent study by Cullot et al. demonstrated that AZD7648 causes frequent kilobase-scale and
megabase-scale deletions, chromosome arm loss and translocations when used for genome
editing [309]. The kilobase-scale deletions can be partially prevented by simultaneous
treatment with AZD7648 and a POL θ inhibitor, meaning that such deletions are caused
by MMEJ [157,309]. However, MMEJ inhibition did not influence megabase-scale dele-
tions [309], suggesting that another DSBR pathway may be responsible for their generation.

Another study suggests that SSA accounts for large deletions accumulating in cells
with inhibited c-NHEJ [112]. Using a multi-pathway DNA repair reporter, which is able
to discriminate between unmodified alleles, HR-repaired alleles, SSA-repaired alleles and
small indels, van de Kooij et al. demonstrated that several tested DNA-PK inhibitors
(NU7441, M3814 and AZD7648) led to a decrease in indels accompanied by a ~1.5–2.5-fold
increase in both HR and SSA. The reporter system used in this study was, by design,
prone to SSA due to the presence of long homologous sequences within 3 kb of the DSB.
However, the data suggest that the same principle applies when long repeats are present
at endogenous sites, such as at the HBB and HBD loci or abundant targets in the human
genome flanked by Alu repeats [112].

Given that HR and SSA share the initial resection step it may be difficult to devise a
strategy to selectively inhibit SSA without any effect on HR. Indeed, depletion of BRCA1
or short-range resection factors (CtIP, MRE11) led to a decrease in both HR and SSA, while
depletion of BRCA2 inhibited HR but promoted SSA, consistent with previous findings
on HR and SSA regulation [112]. Surprisingly, a knockdown of long-range resection
nucleases selectively inhibited SSA. siRNA against EXO1 demonstrated the most promising
results, bringing SSA after NU7441 treatment to the level observed in cells that have
not been treated with siRNAs and DNA-PK inhibitors. While SSA was decreased upon
NU7441 + EXO1si treatment, HR was further promoted compared to cells treated with
NU7441 + nontargeting siRNA [112].

Thus, while DNA-PK inhibition alone promotes large deletions and translocations,
this effect may be partially prevented by using a combination of inhibitors targeting
different DSBR pathways. These studies highlight the pressing need to investigate multiple
potential editing outcomes using various techniques while continuing to explore DNA
repair pathways and selective inhibitors.
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Canny, M.D.; et al. A Cell Cycle-Dependent Regulatory Circuit Composed of 53BP1-RIF1 and BRCA1-CtIP Controls DNA Repair
Pathway Choice. Mol. Cell 2013, 49, 872–883. [CrossRef]

32. Isono, M.; Niimi, A.; Oike, T.; Hagiwara, Y.; Sato, H.; Sekine, R.; Yoshida, Y.; Isobe, S.Y.; Obuse, C.; Nishi, R.; et al. BRCA1
Directs the Repair Pathway to Homologous Recombination by Promoting 53BP1 Dephosphorylation. Cell Rep. 2017, 18, 520–532.
[CrossRef]

33. Benson, F.E.; Stasiak, A.; West, S.C. Purification and Characterization of the Human Rad5l Protein, an Analogue of E. Coli RecA.
EMBO J. 1994, 13, 5764–5771.

34. Zelensky, A.; Kanaar, R.; Wyman, C. Mediators of Homologous DNA Pairing. Cold Spring Harb. Perspect. Biol. 2014, 6, a016451.
[CrossRef] [PubMed]

35. Jensen, R.B.; Carreira, A.; Kowalczykowski, S.C. Purified Human BRCA2 Stimulates RAD51-Mediated Recombination. Nature
2010, 467, 678–683. [CrossRef] [PubMed]

36. Krais, J.J.; Wang, Y.; Patel, P.; Basu, J.; Bernhardy, A.J.; Johnson, N. RNF168-Mediated Localization of BARD1 Recruits the
BRCA1-PALB2 Complex to DNA Damage. Nat. Commun. 2021, 12, 5016. [CrossRef] [PubMed]

37. Sy, S.M.H.; Huen, M.S.Y.; Chen, J.; Livingston, D.M. PALB2 Is an Integral Component of the BRCA Complex Required for
Homologous Recombination Repair. Proc. Natl. Acad. Sci. USA 2009, 106, 7155–7160. [CrossRef] [PubMed]

38. Zhang, F.; Ma, J.; Wu, J.; Ye, L.; Cai, H.; Xia, B.; Yu, X. PALB2 Links BRCA1 and BRCA2 in the DNA-Damage Response. Curr. Biol.
2009, 19, 524–529. [CrossRef]

39. Baumann, P.; Benson, F.E.; West, S.C. Human Rad51 Protein Promotes ATP-Dependent Homologous Pairing and Strand Transfer
Reactions In Vitro. Cell 1996, 87, 757–766. [CrossRef]

40. Mazina, O.M.; Mazin, A.V. Human Rad54 Protein Stimulates DNA Strand Exchange Activity of HRad51 Protein in the Presence
of Ca2+. J. Biol. Chem. 2004, 279, 52042–52051. [CrossRef]

41. Mazin, A.V.; Alexeev, A.A.; Kowalczykowski, S.C. A Novel Function of Rad54 Protein: Stabilization of the Rad51 Nucleoprotein
Filament. J. Biol. Chem. 2003, 278, 14029–14036. [CrossRef]

42. Sigurdsson, S.; Van Komen, S.; Petukhova, G.; Sung, P. Homologous DNA Pairing by Human Recombination Factors Rad51 and
Rad54. J. Biol. Chem. 2002, 277, 42790–42794. [CrossRef]

43. Buisson, R.; Dion-Côté, A.M.; Coulombe, Y.; Launay, H.; Cai, H.; Stasiak, A.Z.; Stasiak, A.; Xia, B.; Masson, J.Y. Cooperation of
Breast Cancer Proteins PALB2 and Piccolo BRCA2 in Stimulating Homologous Recombination. Nat. Struct. Mol. Biol. 2010, 17,
1247–1254. [CrossRef]

44. Dray, E.; Etchin, J.; Wiese, C.; Saro, D.; Williams, G.J.; Hammel, M.; Yu, X.; Galkin, V.E.; Liu, D.; Tsai, M.S.; et al. Enhancement of
RAD51 Recombinase Activity by the Tumor Suppressor PALB2. Nat. Struct. Mol. Biol. 2010, 17, 1255–1259. [CrossRef] [PubMed]

45. Zhao, W.; Steinfeld, J.B.; Liang, F.; Chen, X.; Maranon, D.G.; Jian Ma, C.; Kwon, Y.; Rao, T.; Wang, W.; Sheng, C.; et al.
BRCA1-BARD1 Promotes RAD51-Mediated Homologous DNA Pairing. Nature 2017, 550, 360–365. [CrossRef] [PubMed]

46. Liang, F.; Longerich, S.; Miller, A.S.; Tang, C.; Buzovetsky, O.; Xiong, Y.; Maranon, D.G.; Wiese, C.; Kupfer, G.M.; Sung, P.
Promotion of RAD51-Mediated Homologous DNA Pairing by the RAD51AP1-UAF1 Complex. Cell Rep. 2016, 15, 2118–2126.
[CrossRef]

47. Kim, K.P.; Mirkin, E.V. So Similar yet so Different: The Two Ends of a Double Strand Break. Mutat. Res. 2018, 809, 70–80.
[CrossRef]

145



Cells 2025, 14, 277

48. McVey, M.; Khodaverdian, V.Y.; Meyer, D.; Cerqueira, P.G.; Heyer, W.D. Eukaryotic DNA Polymerases in Homologous Recombi-
nation. Annu. Rev. Genet. 2016, 50, 393–421. [CrossRef]

49. Zapotoczny, G.; Sekelsky, J. Human Cell Assays for Synthesis-Dependent Strand Annealing and Crossing over during Double-
Strand Break Repair. G3-Genes Genomes Genet. 2017, 7, 1191–1199. [CrossRef]

50. Nassif, N.; Penney, J.; Pal, S.; Engels, W.R.; Gloor, G.B. Efficient Copying of Nonhomologous Sequences from Ectopic Sites via
P-Element-Induced Gap Repair. Mol. Cell. Biol. 1994, 14, 1613–1625.

51. Szostak, J.W.; Orr-Weaver, T.L.; Rothstein, R.J.; Stahl, F.W. The Double-Strand-Break Repair Model for Recombination. Cell 1983,
33, 25–35. [CrossRef]

52. Costantino, L.; Sotiriou, S.K.; Rantala, J.K.; Magin, S.; Mladenov, E.; Helleday, T.; Haber, J.E.; Iliakis, G.; Kallioniemi, O.P.;
Halazonetis, T.D. Break-Induced Replication Repair of Damaged Forks Induces Genomic Duplications in Human Cells. Science
2014, 343, 88–91. [CrossRef]

53. Kockler, Z.W.; Osia, B.; Lee, R.; Musmaker, K.; Malkova, A. Repair of DNA Breaks by Break-Induced Replication. Annu. Rev.
Biochem. 2021, 165–191. [CrossRef]

54. Johnson, R.D.; Jasin, M. Sister Chromatid Gene Conversion Is a Prominent Double-Strand Break Repair Pathway in Mammalian
Cells. EMBO J. 2000, 19, 3398–3407. [CrossRef] [PubMed]

55. Bader, A.S.; Bushell, M. IMUT-Seq: High-Resolution DSB-Induced Mutation Profiling Reveals Prevalent Homologous-
Recombination Dependent Mutagenesis. Nat. Commun. 2023, 14, 8419. [CrossRef] [PubMed]

56. Kieffer, S.R.; Lowndes, N.F. Immediate-Early, Early, and Late Responses to DNA Double Stranded Breaks. Front. Genet. 2022, 13,
793884. [CrossRef]

57. Koike, M.; Yutoku, Y.; Koike, A. Nuclear Localization of Mouse Ku70 in Interphase Cells and Focus Formation of Mouse Ku70 at
DNA Damage Sites Immediately after Irradiation. J. Vet. Med. Sci. 2015, 77, 1137–1142. [CrossRef]

58. Mari, P.-O.; Florea, B.I.; Persengiev, S.P.; Verkaik, N.S.; Brü, H.T.; Modesti, M.; Giglia-Mari, G.; Bezstarosti, K.; Demmers, J.A.A.;
Luider, T.M.; et al. Dynamic Assembly of End-Joining Complexes Requires Interaction between Ku70/80 and XRCC4. Proc. Natl.
Acad. Sci. USA 2006, 103, 18597–18602. [CrossRef]

59. Walker, J.R.; Corpina, R.A.; Goldberg, J. Structure of the Ku Heterodimer Bound to DNA and Its Implications for Double-Strand
Break Repair. Nature 2001, 412, 607–614. [CrossRef]

60. Gottlieb, T.M.; Jackson, S.P. The DNA-Dependent Protein Ki for DNA Ends and Association with Ku Antigen. Cell 1993, 72,
131–142. [CrossRef]

61. Jette, N.; Lees-Miller, S.P. The DNA-Dependent Protein Kinase: A Multifunctional Protein Kinase with Roles in DNA Double
Strand Break Repair and Mitosis. Prog. Biophys. Mol. Biol. 2015, 117, 194–205. [CrossRef]

62. Graham, T.G.W.; Walter, J.C.; Loparo, J.J. Two-Stage Synapsis of DNA Ends during Non-Homologous End Joining. Mol. Cell 2016,
61, 850–858. [CrossRef]

63. Chen, S.; Lee, L.; Naila, T.; Fishbain, S.; Wang, A.; Tomkinson, A.E.; Lees-Miller, S.P.; He, Y. Structural Basis of Long-Range to
Short-Range Synaptic Transition in NHEJ. Nature 2021, 593, 294–298. [CrossRef]

64. Grawunder, U.; Wilm, M.; Wu, X.; Kulesza, P.; Wilson, T.E.; Mann, M.; Lieber, M.R. Activity of DNA Ligase IV Stimulated by
Complex Formation with XRCC4 Protein in Mammalian Cells. Nature 1997, 388, 492–495. [CrossRef] [PubMed]

65. Stinson, B.M.; Carney, S.M.; Walter, J.C.; Loparo, J.J. Structural Role for DNA Ligase IV in Promoting the Fidelity of Non-
Homologous End Joining. Nat. Commun. 2024, 15, 1250. [CrossRef]

66. Gu, J.; Lu, H.; Tsai, A.G.; Schwarz, K.; Lieber, M.R. Single-Stranded DNA Ligation and XLF-Stimulated Incompatible DNA End
Ligation by the XRCC4-DNA Ligase IV Complex: Influence of Terminal DNA Sequence. Nucleic Acids Res. 2007, 35, 5755–5762.
[CrossRef] [PubMed]

67. Tsai, C.J.; Kim, S.A.; Chu, G.; Lehman, I.R. CernunnosXLF Promotes the Ligation of Mismatched and Noncohesive DNA Ends.
Proc. Natl. Acad. Sci. USA 2007, 104, 7851–7856. [CrossRef] [PubMed]

68. Prabhu, K.S.; Kuttikrishnan, S.; Ahamad, N.; Habeeba, U.; Mariyam, Z.; Suleman, M.; Bhat, A.A.; Uddin, S. H2AX: A Key Player
in DNA Damage Response and a Promising Target for Cancer Therapy. Biomed. Pharmacother. 2024, 175, 116663. [CrossRef]

69. Riballo, E.; Kühne, M.; Rief, N.; Doherty, A.; Smith, G.C.M.; Recio, M.J.; Reis, C.; Dahm, K.; Fricke, A.; Krempler, A.; et al. A
Pathway of Double-Strand Break Rejoining Dependent upon ATM, Artemis, and Proteins Locating to γ-H2AX Foci. Mol. Cell
2004, 16, 715–724. [CrossRef]

70. Fradet-Turcotte, A.; Canny, M.D.; Escribano-Díaz, C.; Orthwein, A.; Leung, C.C.Y.; Huang, H.; Landry, M.C.; Kitevski-Leblanc, J.;
Noordermeer, S.M.; Sicheri, F.; et al. 53BP1 Is a Reader of the DNA-Damage-Induced H2A Lys 15 Ubiquitin Mark. Nature 2013,
499, 50–54. [CrossRef]

71. Chapman, J.R.; Barral, P.; Vannier, J.B.; Borel, V.; Steger, M.; Tomas-Loba, A.; Sartori, A.A.; Adams, I.R.; Batista, F.D.; Boulton, S.J.
RIF1 Is Essential for 53BP1-Dependent Nonhomologous End Joining and Suppression of DNA Double-Strand Break Resection.
Mol. Cell 2013, 49, 858–871. [CrossRef]

146



Cells 2025, 14, 277

72. Zimmermann, M.; Lottersberger, F.; Buonomo, S.B.; Sfeir, A.; De Lange, T. 53BP1 Regulates DSB Repair Using Rif1 to Control 5′

End Resection. Science 2013, 339, 700–704. [CrossRef]
73. Dev, H.; Chiang, T.W.W.; Lescale, C.; de Krijger, I.; Martin, A.G.; Pilger, D.; Coates, J.; Sczaniecka-Clift, M.; Wei, W.; Ostermaier,

M.; et al. Shieldin Complex Promotes DNA End-Joining and Counters Homologous Recombination in BRCA1-Null Cells. Nat.
Cell Biol. 2018, 20, 954–965. [CrossRef]

74. Noordermeer, S.M.; Adam, S.; Setiaputra, D.; Barazas, M.; Pettitt, S.J.; Ling, A.K.; Olivieri, M.; Álvarez-Quilón, A.; Moatti, N.;
Zimmermann, M.; et al. The Shieldin Complex Mediates 53BP1-Dependent DNA Repair. Nature 2018, 560, 117–121. [CrossRef]
[PubMed]

75. Barazas, M.; Annunziato, S.; Pettitt, S.J.; de Krijger, I.; Ghezraoui, H.; Roobol, S.J.; Lutz, C.; Frankum, J.; Song, F.F.; Brough, R.; et al.
The CST Complex Mediates End Protection at Double-Strand Breaks and Promotes PARP Inhibitor Sensitivity in BRCA1-Deficient
Cells. Cell Rep. 2018, 23, 2107–2118. [CrossRef] [PubMed]

76. Mirman, Z.; Lottersberger, F.; Takai, H.; Kibe, T.; Gong, Y.; Takai, K.; Bianchi, A.; Zimmermann, M.; Durocher, D.; de Lange, T.
53BP1–RIF1–Shieldin Counteracts DSB Resection through CST- and Polα-Dependent Fill-In. Nature 2018, 560, 112–116. [CrossRef]
[PubMed]

77. Gupta, R.; Somyajit, K.; Narita, T.; Maskey, E.; Stanlie, A.; Kremer, M.; Typas, D.; Lammers, M.; Mailand, N.; Nussenzweig, A.;
et al. DNA Repair Network Analysis Reveals Shieldin as a Key Regulator of NHEJ and PARP Inhibitor Sensitivity. Cell 2018, 173,
972–988.e23. [CrossRef]

78. Callen, E.; Di Virgilio, M.; Kruhlak, M.J.; Nieto-Soler, M.; Wong, N.; Chen, H.T.; Faryabi, R.B.; Polato, F.; Santos, M.; Starnes,
L.M.; et al. 53BP1 Mediates Productive and Mutagenic DNA Repair through Distinct Phosphoprotein Interactions. Cell 2013, 153,
1266–1280. [CrossRef]

79. Paiano, J.; Zolnerowich, N.; Wu, W.; Pavani, R.; Wang, C.; Li, H.; Zheng, L.; Shen, B.; Sleckman, B.P.; Chen, B.R.; et al. Role of
53BP1 in End Protection and DNA Synthesis at DNA Breaks. Genes. Dev. 2021, 35, 1356–1368. [CrossRef]

80. Mirman, Z.; Sasi, N.K.; King, A.; Chapman, J.R.; de Lange, T. 53BP1–Shieldin-Dependent DSB Processing in BRCA1-Deficient
Cells Requires CST–Polα–Primase Fill-in Synthesis. Nat. Cell Biol. 2022, 24, 51–61. [CrossRef]

81. Bunting, S.F.; Callén, E.; Wong, N.; Chen, H.T.; Polato, F.; Gunn, A.; Bothmer, A.; Feldhahn, N.; Fernandez-Capetillo, O.; Cao, L.;
et al. 53BP1 Inhibits Homologous Recombination in Brca1-Deficient Cells by Blocking Resection of DNA Breaks. Cell 2010, 141,
243–254. [CrossRef]

82. Callen, E.; Zong, D.; Wu, W.; Wong, N.; Stanlie, A.; Ishikawa, M.; Pavani, R.; Dumitrache, L.C.; Byrum, A.K.; Mendez-Dorantes,
C.; et al. 53BP1 Enforces Distinct Pre- and Post-Resection Blocks on Homologous Recombination. Mol. Cell 2020, 77, 26–38.e7.
[CrossRef]

83. Mirman, Z.; De Lange, T. 53BP1: A DSB Escort. Genes Dev. 2020, 34, 7–23. [CrossRef]
84. Wang, J.; Aroumougame, A.; Lobrich, M.; Li, Y.; Chen, D.; Chenj, J.; Gong, Z. PTIP Associates with Artemis to Dictate DNA

Repair Pathway Choice. Genes Dev. 2014, 28, 2693–2698. [CrossRef] [PubMed]
85. Ma, Y.; Pannicke, U.; Schwarz, K.; Lieber, M.R. Hairpin Opening and Overhang Processing by an Artemis/DNA-Dependent

Protein Kinase Complex in Nonhomologous End Joining and V(D)J Recombination. Cell 2002, 108, 781–794. [CrossRef] [PubMed]
86. Goodarzi, A.A.; Yu, Y.; Riballo, E.; Douglas, P.; Walker, S.A.; Ye, R.; Härer, C.; Marchetti, C.; Morrice, N.; Jeggo, P.A.; et al. DNA-PK

Autophosphorylation Facilitates Artemis Endonuclease Activity. EMBO J. 2006, 25, 3880–3889. [CrossRef] [PubMed]
87. Chang, H.H.Y.; Lieber, M.R. Structure-Specific Nuclease Activities of Artemis and the Artemis: DNA-PKcs Complex. Nucleic

Acids Res. 2016, 44, 4991–4997. [CrossRef]
88. Lieber, M.R. Pol X DNA Polymerases Contribute to NHEJ Flexibility. Nat. Struct. Mol. Biol. 2023, 30, 5–8. [CrossRef]
89. Sfeir, A.; Symington, L.S. Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedicated Pathway? Trends

Biochem. Sci. 2015, 40, 701–714. [CrossRef]
90. Patterson-Fortin, J.; D’Andrea, A.D. Exploiting the Microhomology-Mediated End-Joining Pathway in Cancer Therapy. Cancer

Res. 2020, 80, 4593–4600. [CrossRef]
91. Hussain, S.S.; Majumdar, R.; Moore, G.M.; Narang, H.; Buechelmaier, E.S.; Bazil, M.J.; Ravindran, P.T.; Leeman, J.E.; Li, Y.; Jalan,

M.; et al. Measuring Nonhomologous End-Joining, Homologous Recombination and Alternative End-Joining Simultaneously at
an Endogenous Locus in Any Transfectable Human Cell. Nucleic Acids Res. 2021, 49, e74. [CrossRef]

92. Simsek, D.; Brunet, E.; Wong, S.Y.W.; Katyal, S.; Gao, Y.; McKinnon, P.J.; Lou, J.; Zhang, L.; Li, J.; Rebar, E.J.; et al. DNA Ligase III
Promotes Alternative Nonhomologous End-Joining during Chromosomal Translocation Formation. PLoS Genet. 2011, 7, e1002080.
[CrossRef]

93. Howard, S.M.; Yanez, D.A.; Stark, J.M. DNA Damage Response Factors from Diverse Pathways, Including DNA Crosslink Repair,
Mediate Alternative End Joining. PLoS Genet. 2015, 11, e1004943. [CrossRef]

94. Mateos-Gomez, P.A.; Gong, F.; Nair, N.; Miller, K.M.; Lazzerini-Denchi, E.; Sfeir, A. Mammalian Polymerase θ Promotes
Alternative NHEJ and Suppresses Recombination. Nature 2015, 518, 254–257. [CrossRef]

147



Cells 2025, 14, 277

95. Sharma, S.; Javadekar, S.M.; Pandey, M.; Srivastava, M.; Kumari, R.; Raghavan, S.C. Homology and Enzymatic Requirements of
Microhomology-Dependent Alternative End Joining. Cell Death Dis. 2015, 6, e1697. [CrossRef] [PubMed]

96. Wang, M.; Wu, W.; Wu, W.; Rosidi, B.; Zhang, L.; Wang, H.; Iliakis, G. PARP-1 and Ku Compete for Repair of DNA Double Strand
Breaks by Distinct NHEJ Pathways. Nucleic Acids Res. 2006, 34, 6170–6182. [CrossRef]

97. Haince, J.F.; McDonald, D.; Rodrigue, A.; Déry, U.; Masson, J.Y.; Hendzel, M.J.; Poirier, G.G. PARP1-Dependent Kinetics of
Recruitment of MRE11 and NBS1 Proteins to Multiple DNA Damage Sites. J. Biol. Chem. 2008, 283, 1197–1208. [CrossRef]

98. Audebert, M.; Salles, B.; Calsou, P. Involvement of Poly(ADP-Ribose) Polymerase-1 and XRCC1/DNA Ligase III in an Alternative
Route for DNA Double-Strand Breaks Rejoining. J. Biol. Chem. 2004, 279, 55117–55126. [CrossRef]

99. Vekariya, U.; Minakhin, L.; Chandramouly, G.; Tyagi, M.; Kent, T.; Sullivan-Reed, K.; Atkins, J.; Ralph, D.; Nieborowska-Skorska,
M.; Kukuyan, A.M.; et al. PARG Is Essential for Polθ-Mediated DNA End-Joining by Removing Repressive Poly-ADP-Ribose
Marks. Nat. Commun. 2024, 15, 5822. [CrossRef]

100. Seki, M.; Marini, F.; Wood, R.D. POLQ (Pol θ), a DNA Polymerase and DNA-Dependent ATPase in Human Cells. Nucleic Acids
Res. 2003, 31, 6117–6126. [CrossRef]

101. Mateos-Gomez, P.A.; Kent, T.; Deng, S.K.; Mcdevitt, S.; Kashkina, E.; Hoang, T.M.; Pomerantz, R.T.; Sfeir, A. The Helicase Domain
of Polθ Counteracts RPA to Promote Alt-NHEJ. Nat. Struct. Mol. Biol. 2017, 24, 1116–1123. [CrossRef]

102. Ozdemir, A.Y.; Rusanov, T.; Kent, T.; Siddique, L.A.; Pomerantz, R.T. Polymerase θ-Helicase Efficiently Unwinds DNA and
RNA-DNA Hybrids. J. Biol. Chem. 2018, 293, 5259–5269. [CrossRef]

103. Hogg, M.; Sauer-Eriksson, A.E.; Johansson, E. Promiscuous DNA Synthesis by Human DNA Polymerase θ. Nucleic Acids Res.
2012, 40, 2611–2622. [CrossRef]

104. Zahn, K.E.; Averill, A.M.; Aller, P.; Wood, R.D.; Doublié, S. Human DNA Polymerase θ Grasps the Primer Terminus to Mediate
DNA Repair. Nat. Struct. Mol. Biol. 2015, 22, 304–311. [CrossRef] [PubMed]

105. Mengwasser, K.E.; Adeyemi, R.O.; Leng, Y.; Choi, M.Y.; Clairmont, C.; D’Andrea, A.D.; Elledge, S.J. Genetic Screens Reveal FEN1
and APEX2 as BRCA2 Synthetic Lethal Targets. Mol. Cell 2019, 73, 885–899.e6. [CrossRef] [PubMed]

106. Fleury, H.; MacEachern, M.K.; Stiefel, C.M.; Anand, R.; Sempeck, C.; Nebenfuehr, B.; Maurer-Alcalá, K.; Ball, K.; Proctor, B.; Belan,
O.; et al. The APE2 Nuclease Is Essential for DNA Double-Strand Break Repair by Microhomology-Mediated End Joining. Mol.
Cell 2023, 83, 1429–1445.e8. [CrossRef] [PubMed]

107. Tomkinson, A.E.; Sallmyr, A. Structure and Function of the DNA Ligases Encoded by the Mammalian LIG3 Gene. Gene 2013, 531,
150–157. [CrossRef]

108. Okano, S.; Lan, L.; Caldecott, K.W.; Mori, T.; Yasui, A. Spatial and Temporal Cellular Responses to Single-Strand Breaks in Human
Cells. Mol. Cell. Biol. 2003, 23, 3974–3981. [CrossRef]

109. Lin, F.-L.; Sperle, K.; Sternberg, N. Model for Homologous Recombination During Transfer of DNA into Mouse L Cells: Role for
DNA Ends in the Recombination Process. Mol. Cell. Biol. 1984, 4, 1020–1034.

110. Bennardo, N.; Cheng, A.; Huang, N.; Stark, J.M. Alternative-NHEJ Is a Mechanistically Distinct Pathway of Mammalian
Chromosome Break Repair. PLoS Genet. 2008, 4, e1000110. [CrossRef]

111. Bhargava, R.; Onyango, D.O.; Stark, J.M. Regulation of Single-Strand Annealing and Its Role in Genome Maintenance. Trends
Genet. 2016, 32, 566–575. [CrossRef]

112. van de Kooij, B.; Kruswick, A.; van Attikum, H.; Yaffe, M.B. Multi-Pathway DNA-Repair Reporters Reveal Competition between
End-Joining, Single-Strand Annealing and Homologous Recombination at Cas9-Induced DNA Double-Strand Breaks. Nat.
Commun. 2022, 13, 5295. [CrossRef]

113. Grimme, J.M.; Honda, M.; Wright, R.; Okuno, Y.; Rothenberg, E.; Mazin, A.V.; Ha, T.; Spies, M. Human Rad52 Binds and Wraps
Single-Stranded DNA and Mediates Annealing via Two HRad52-SsDNA Complexes. Nucleic Acids Res. 2010, 38, 2917–2930.
[CrossRef]

114. Kagawa, W.; Kurumizaka, H.; Ikawa, S.; Yokoyama, S.; Shibata, T. Homologous Pairing Promoted by the Human Rad52 Protein.
J. Biol. Chem. 2001, 276, 35201–35208. [CrossRef] [PubMed]

115. Liang, C.C.; Greenhough, L.A.; Masino, L.; Maslen, S.; Bajrami, I.; Tuppi, M.; Skehel, M.; Taylor, I.A.; West, S.C. Mechanism of
Single-Stranded DNA Annealing by RAD52–RPA Complex. Nature 2024, 629, 697–703. [CrossRef] [PubMed]

116. Stasiak, A.Z.; Larquet, E.; Stasiak, A.; Müller, S.; Engel, A.; Van Dyck, E.; West, S.C.; Egelman, E.H. The Human Rad52 Protein
Exists as a Heptameric Ring. Curr. Biol. 2000, 10, 337–340. [CrossRef]

117. Balboni, B.; Marotta, R.; Rinaldi, F.; Milordini, G.; Varignani, G.; Girotto, S.; Cavalli, A. An Integrative Structural Study of the
Human Full-Length RAD52 at 2.2 Å Resolution. Commun. Biol. 2024, 7, 956. [CrossRef]

118. Kagawa, W.; Kurumizaka, H.; Ishitani, R.; Fukai, S.; Nureki, O.; Shibata, T.; Yokoyama, S. Crystal Structure of the Homologous-
Pairing Domain from the Human Rad52 Recombinase in the Undecameric Form. Mol. Cell 2002, 10, 359–371. [CrossRef]
[PubMed]

119. Ranatunga, W.; Jackson, D.; Lloyd, J.A.; Forget, A.L.; Knight, K.L.; Borgstahl, G.E.O. Human RAD52 Exhibits Two Modes of
Self-Association. J. Biol. Chem. 2001, 276, 15876–15880. [CrossRef]

148



Cells 2025, 14, 277

120. Kinoshita, C.; Takizawa, Y.; Saotome, M.; Ogino, S.; Kurumizaka, H.; Kagawa, W. The Cryo-EM Structure of Full-Length RAD52
Protein Contains an Undecameric Ring. FEBS Open Bio 2023, 13, 408–418. [CrossRef]

121. Sargent, R.G.; Meservy, J.L.; Perkins, B.D.; Kilburn, A.E.; Intody, Z.; Adair, G.M.; Nairn, R.S.; Wilson, J.H. Role of the Nucleotide
Excision Repair Gene ERCC1 in Formation of Recombination-Dependent Rearrangements in Mammalian Cells. Nucleic Acids Res.
2000, 28, 3771–3778. [CrossRef]

122. Al-minawi, A.Z.; Saleh-gohari, N.; Helleday, T. The ERCC1/XPF Endonuclease Is Required for Efficient Single-Strand Annealing
and Gene Conversion in Mammalian Cells. Nucleic Acids Res. 2008, 36, 1–9. [CrossRef]

123. Motycka, T.A.; Bessho, T.; Post, S.M.; Sung, P.; Tomkinson, A.E. Physical and Functional Interaction between the XPF/ERCC1
Endonuclease and HRad52. J. Biol. Chem. 2004, 279, 13634–13639. [CrossRef]

124. Zhao, X.; Wei, C.; Li, J.; Xing, P.; Li, J.; Zheng, S.; Chen, X. Cell Cycle-Dependent Control of Homologous Recombination. Acta
Biochim. Biophys. Sin. (Shanghai) 2017, 49, 655–668. [CrossRef] [PubMed]

125. Beucher, A.; Birraux, J.; Tchouandong, L.; Barton, O.; Shibata, A.; Conrad, S.; Goodarzi, A.A.; Krempler, A.; Jeggo, P.A.; Löbrich,
M. ATM and Artemis Promote Homologous Recombination of Radiation-Induced DNA Double-Strand Breaks in G2. EMBO J.
2009, 28, 3413–3427. [CrossRef]

126. Rothkamm, K.; Krüger, I.; Thompson, L.H.; Lübrich, M. Pathways of DNA Double-Strand Break Repair during the Mammalian
Cell Cycle. Mol. Cell. Biol. 2003, 23, 5706–5715. [CrossRef] [PubMed]

127. Hinz, J.M.; Yamada, N.A.; Salazar, E.P.; Tebbs, R.S.; Thompson, L.H. Influence of Double-Strand-Break Repair Pathways on
Radiosensitivity throughout the Cell Cycle in CHO Cells. DNA Repair 2005, 4, 782–792. [CrossRef]

128. van Sluis, M.; McStay, B. A Localized Nucleolar DNA Damage Response Facilitates Recruitment of the Homology-Directed
Repair Machinery Independent of Cell Cycle Stage. Genes. Dev. 2015, 29, 1151–1163. [CrossRef]

129. Yilmaz, D.; Furst, A.; Meaburn, K.; Lezaja, A.; Wen, Y.; Altmeyer, M.; Reina-San-Martin, B.; Soutoglou, E. Activation of
Homologous Recombination in G1 Preserves Centromeric Integrity. Nature 2021, 600, 748–753. [CrossRef]

130. Ait Saada, A.; Lambert, S.A.E.; Carr, A.M. Preserving Replication Fork Integrity and Competence via the Homologous Recombi-
nation Pathway. DNA Repair 2018, 71, 135–147. [CrossRef]

131. Löbrich, M.; Jeggo, P. A Process of Resection-Dependent Nonhomologous End Joining Involving the Goddess Artemis. Trends
Biochem. Sci. 2017, 42, 690–701. [CrossRef]

132. Shibata, A.; Jeggo, P.A. Roles for the DNA-PK Complex and 53BP1 in Protecting Ends from Resection during DNA Double-Strand
Break Repair. J. Radiat. Res. 2020, 61, 718–726. [CrossRef]

133. Biehs, R.; Steinlage, M.; Barton, O.; Juhász, S.; Künzel, J.; Spies, J.; Shibata, A.; Jeggo, P.A.; Löbrich, M. DNA Double-Strand Break
Resection Occurs during Non-Homologous End Joining in G1 but Is Distinct from Resection during Homologous Recombination.
Mol. Cell 2017, 65, 671–684.e5. [CrossRef]

134. Shibata, A.; Conrad, S.; Birraux, J.; Geuting, V.; Barton, O.; Ismail, A.; Kakarougkas, A.; Meek, K.; Taucher-Scholz, G.; Löbrich,
M.; et al. Factors Determining DNA Double-Strand Break Repair Pathway Choice in G2 Phase. EMBO J. 2011, 30, 1079–1092.
[CrossRef]

135. Brinkman, E.K.; Chen, T.; de Haas, M.; Holland, H.A.; Akhtar, W.; van Steensel, B. Kinetics and Fidelity of the Repair of
Cas9-Induced Double-Strand DNA Breaks. Mol. Cell 2018, 70, 801–813.e6. [CrossRef] [PubMed]

136. Sternberg, S.H.; Redding, S.; Jinek, M.; Greene, E.C.; Doudna, J.A. DNA Interrogation by the CRISPR RNA-Guided Endonuclease
Cas9. Nature 2014, 507, 62–67. [CrossRef] [PubMed]

137. Richardson, C.D.; Ray, G.J.; DeWitt, M.A.; Curie, G.L.; Corn, J.E. Enhancing Homology-Directed Genome Editing by Catalytically
Active and Inactive CRISPR-Cas9 Using Asymmetric Donor DNA. Nat. Biotechnol. 2016, 34, 339–344. [CrossRef] [PubMed]

138. Stark, J.M.; Pierce, A.J.; Oh, J.; Pastink, A.; Jasin, M. Genetic Steps of Mammalian Homologous Repair with Distinct Mutagenic
Consequences. Mol. Cell. Biol. 2004, 24, 9305–9316. [CrossRef]

139. Muñoz, M.C.; Laulier, C.; Gunn, A.; Cheng, A.; Robbiani, D.F.; Nussenzweig, A.; Stark, J.M. Ring Finger Nuclear Factor RNF168
Is Important for Defects in Homologous Recombination Caused by Loss of the Breast Cancer Susceptibility Factor BRCA1. J. Biol.
Chem. 2012, 287, 40618–40628. [CrossRef]

140. Anantha, R.W.; Simhardi, S.; Foo, T.K.; Miao, S.; Liu, J.; Shen, Z.; Ganesan, S.; Xia, B. Functional and Mutational Landscapes of
BRCA1 for Homology-Directed Repair and Therapy Resistance. eLife 2017, 6, e21350. [CrossRef]

141. Truong, L.N.; Li, Y.; Shi, L.Z.; Hwang, P.Y.H.; He, J.; Wang, H.; Razavian, N.; Berns, M.W.; Wu, X. Microhomology-Mediated
End Joining and Homologous Recombination Share the Initial End Resection Step to Repair DNA Double-Strand Breaks in
Mammalian Cells. Proc. Natl. Acad. Sci. USA 2013, 110, 7720–7725. [CrossRef]

142. Llorens-Agost, M.; Ensminger, M.; Le, H.P.; Gawai, A.; Liu, J.; Cruz-García, A.; Bhetawal, S.; Wood, R.D.; Heyer, W.D.; Löbrich, M.
POLθ-Mediated End Joining Is Restricted by RAD52 and BRCA2 until the Onset of Mitosis. Nat. Cell Biol. 2021, 23, 1095–1104.
[CrossRef]

143. Brambati, A.; Sacco, O.; Porcella, S.; Heyza, J.; Kareh, M.; Schmidt, J.C.; Sfeir, A. RHINO Directs MMEJ to Repair DNA Breaks in
Mitosis. Science 2023, 381, 653–660. [CrossRef]

149



Cells 2025, 14, 277

144. DeWitt, M.A.; Magis, W.; Bray, N.L.; Wang, T.; Berman, J.R.; Urbinati, F.; Heo, S.J.; Mitros, T.; Muñoz, D.P.; Boffelli, D.; et al.
Selection-Free Genome Editing of the Sickle Mutation in Human Adult Hematopoietic Stem/Progenitor Cells. Sci. Transl. Med.
2016, 8, 360ra134. [CrossRef]

145. Yang, L.; Guell, M.; Byrne, S.; Yang, J.L.; De Los Angeles, A.; Mali, P.; Aach, J.; Kim-Kiselak, C.; Briggs, A.W.; Rios, X.; et al.
Optimization of Scarless Human Stem Cell Genome Editing. Nucleic Acids Res. 2013, 41, 9049–9061. [CrossRef]

146. Fu, Y.W.; Dai, X.Y.; Wang, W.T.; Yang, Z.X.; Zhao, J.J.; Zhang, J.P.; Wen, W.; Zhang, F.; Oberg, K.C.; Zhang, L.; et al. Dynamics and
Competition of CRISPR-Cas9 Ribonucleoproteins and AAV Donor-Mediated NHEJ, MMEJ and HDR Editing. Nucleic Acids Res.
2021, 49, 969–985. [CrossRef] [PubMed]

147. Weterings, E.; Gallegos, A.C.; Dominick, L.N.; Cooke, L.S.; Bartels, T.N.; Vagner, J.; Matsunaga, T.O.; Mahadevan, D. A Novel
Small Molecule Inhibitor of the DNA Repair Protein Ku70/80. DNA Repair 2016, 43, 98–106. [CrossRef] [PubMed]

148. Sun, P.; Zhao, W.; Li, H.; Feng, Y.; Chen, L.; Cao, H. STL127705 Synergize with Olaparib in Castration-Resistant Prostate Cancer
by Inhibiting Homologous Recombination and Non-Homologous End-Joining Repair. Am. J. Cancer Res. 2023, 13, 2030–2040.
[PubMed]

149. Srivastava, M.; Nambiar, M.; Sharma, S.; Karki, S.S.; Goldsmith, G.; Hegde, M.; Kumar, S.; Pandey, M.; Singh, R.K.; Ray, P.; et al.
An Inhibitor of Nonhomologous End-Joining Abrogates Double-Strand Break Repair and Impedes Cancer Progression. Cell 2012,
151, 1474–1487. [CrossRef]

150. Maruyama, T.; Dougan, S.K.; Truttmann, M.C.; Bilate, A.M.; Ingram, J.R.; Ploegh, H.L. Increasing the Efficiency of Precise Genome
Editing with CRISPR-Cas9 by Inhibition of Nonhomologous End Joining. Nat. Biotechnol. 2015, 33, 538–542. [CrossRef]

151. Chu, V.T.; Weber, T.; Wefers, B.; Wurst, W.; Sander, S.; Rajewsky, K.; Kühn, R. Increasing the Efficiency of Homology-Directed
Repair for CRISPR-Cas9-Induced Precise Gene Editing in Mammalian Cells. Nat. Biotechnol. 2015, 33, 543–548. [CrossRef]

152. Pinder, J.; Salsman, J.; Dellaire, G. Nuclear Domain “knock-in” Screen for the Evaluation and Identification of Small Molecule
Enhancers of CRISPR-Based Genome Editing. Nucleic Acids Res. 2015, 43, 9379–9392. [CrossRef]

153. Riesenberg, S.; Maricic, T. Targeting Repair Pathways with Small Molecules Increases Precise Genome Editing in Pluripotent
Stem Cells. Nat Commun 2018, 9, 2164. [CrossRef]

154. Yang, D.; Scavuzzo, M.A.; Chmielowiec, J.; Sharp, R.; Bajic, A.; Borowiak, M. Enrichment of G2/M Cell Cycle Phase in Human
Pluripotent Stem Cells Enhances HDR-Mediated Gene Repair with Customizable Endonucleases. Sci. Rep. 2016, 6, 21264.
[CrossRef] [PubMed]

155. Greco, G.E.; Matsumoto, Y.; Brooks, R.C.; Lu, Z.; Lieber, M.R.; Tomkinson, A.E. SCR7 Is Neither a Selective nor a Potent Inhibitor
of Human DNA Ligase IV. DNA Repair 2016, 43, 18–23. [CrossRef] [PubMed]

156. Song, J.; Yang, D.; Xu, J.; Zhu, T.; Chen, Y.E.; Zhang, J. RS-1 Enhances CRISPR/Cas9- and TALEN-Mediated Knock-in Efficiency.
Nat. Commun. 2016, 7, 10548. [CrossRef] [PubMed]

157. Wimberger, S.; Akrap, N.; Firth, M.; Brengdahl, J.; Engberg, S.; Schwinn, M.K.; Slater, M.R.; Lundin, A.; Hsieh, P.P.; Li, S.; et al.
Simultaneous Inhibition of DNA-PK and Polθ Improves Integration Efficiency and Precision of Genome Editing. Nat. Commun.
2023, 14, 4761. [CrossRef]

158. Munck, J.M.; Batey, M.A.; Zhao, Y.; Jenkins, H.; Richardson, C.J.; Cano, C.; Tavecchio, M.; Barbeau, J.; Bardos, J.; Cornell, L.; et al.
Chemosensitization of Cancer Cells by KU-0060648, a Dual Inhibitor of DNA-PK and PI-3K. Mol. Cancer Ther. 2012, 11, 1789–1798.
[CrossRef]

159. Leahy, J.J.J.; Golding, B.T.; Griffin, R.J.; Hardcastle, I.R.; Richardson, C.; Rigoreau, L.; Smith, G.C.M. Identification of a Highly
Potent and Selective DNA-Dependent Protein Kinase (DNA-PK) Inhibitor (NU7441) by Screening of Chromenone Libraries.
Bioorg Med. Chem. Lett. 2004, 14, 6083–6087. [CrossRef]

160. Veuger, S.J.; Curtin, N.J.; Richardson, C.J.; Smith, G.C.M.; Durkacz, B.W. Radiosensitization and DNA Repair Inhibition by the
Combined Use of Novel Inhibitors of DNA-Dependent Protein Kinase and Poly(ADP-Ribose) Polymerase-1. Cancer Res. 2003, 63,
6008–6015.

161. Fok, J.H.L.; Ramos-Montoya, A.; Vazquez-Chantada, M.; Wijnhoven, P.W.G.; Follia, V.; James, N.; Farrington, P.M.; Karmokar, A.;
Willis, S.E.; Cairns, J.; et al. AZD7648 Is a Potent and Selective DNA-PK Inhibitor That Enhances Radiation, Chemotherapy and
Olaparib Activity. Nat. Commun. 2019, 10, 5065. [CrossRef]

162. Riesenberg, S.; Chintalapati, M.; Macak, D.; Kanis, P.; Maricic, T.; Pääbo, S. Simultaneous Precise Editing of Multiple Genes in
Human Cells. Nucleic Acids Res. 2019, 47, E116. [CrossRef]

163. Zenke, F.T.; Zimmermann, A.; Sirrenberg, C.; Dahmen, H.; Kirkin, V.; Pehl, U.; Grombacher, T.; Wilm, C.; Fuchss, T.; Amendt, C.;
et al. Pharmacologic Inhibitor of DNA-PK, M3814, Potentiates Radiotherapy and Regresses Human Tumors in Mouse Models.
Mol. Cancer Ther. 2020, 19, 1091–1101. [CrossRef]

164. Maresca, M.; Lin, V.G.; Guo, N.; Yang, Y. Obligate Ligation-Gated Recombination (ObLiGaRe): Custom-Designed Nuclease-
Mediated Targeted Integration through Nonhomologous End Joining. Genome Res. 2013, 23, 539–546. [CrossRef] [PubMed]

150



Cells 2025, 14, 277

165. Suzuki, K.; Tsunekawa, Y.; Hernandez-Benitez, R.; Wu, J.; Zhu, J.; Kim, E.J.; Hatanaka, F.; Yamamoto, M.; Araoka, T.; Li, Z.; et al.
In Vivo Genome Editing via CRISPR/Cas9 Mediated Homology-Independent Targeted Integration. Nature 2016, 540, 144–149.
[CrossRef] [PubMed]

166. Robert, F.; Barbeau, M.; Éthier, S.; Dostie, J.; Pelletier, J. Pharmacological Inhibition of DNA-PK Stimulates Cas9-Mediated
Genome Editing. Genome Med. 2015, 7, 93. [CrossRef]

167. Zhang, J.P.; Li, X.L.; Li, G.H.; Chen, W.; Arakaki, C.; Botimer, G.D.; Baylink, D.; Zhang, L.; Wen, W.; Fu, Y.W.; et al. Efficient
Precise Knockin with a Double Cut HDR Donor after CRISPR/Cas9-Mediated Double-Stranded DNA Cleavage. Genome Biol.
2017, 18, 35. [CrossRef]

168. Harnor, S.J.; Brennan, A.; Cano, C. Targeting DNA-Dependent Protein Kinase for Cancer Therapy. ChemMedChem 2017, 12,
895–900. [CrossRef]

169. Riesenberg, S.; Kanis, P.; Macak, D.; Wollny, D.; Düsterhöft, D.; Kowalewski, J.; Helmbrecht, N.; Maricic, T.; Pääbo, S. Efficient High-
Precision Homology-Directed Repair-Dependent Genome Editing by HDRobust. Nat Methods 2023, 20, 1388–1399. [CrossRef]

170. Selvaraj, S.; Feist, W.N.; Viel, S.; Vaidyanathan, S.; Dudek, A.M.; Gastou, M.; Rockwood, S.J.; Ekman, F.K.; Oseghale, A.R.; Xu, L.;
et al. High-Efficiency Transgene Integration by Homology-Directed Repair in Human Primary Cells Using DNA-PKcs Inhibition.
Nat. Biotechnol. 2024, 42, 731–744. [CrossRef]

171. Feng, L.; Fong, K.W.; Wang, J.; Wang, W.; Chen, J. RIF1 Counteracts BRCA1-Mediated End Resection during DNA Repair. J. Biol.
Chem. 2013, 288, 11135–11143. [CrossRef]

172. Canny, M.D.; Moatti, N.; Wan, L.C.K.; Fradet-Turcotte, A.; Krasner, D.; Mateos-Gomez, P.A.; Zimmermann, M.; Orthwein,
A.; Juang, Y.C.; Zhang, W.; et al. Inhibition of 53BP1 Favors Homology-Dependent DNA Repair and Increases CRISPR-Cas9
Genome-Editing Efficiency. Nat. Biotechnol. 2018, 36, 95–102. [CrossRef]

173. Nambiar, T.S.; Billon, P.; Diedenhofen, G.; Hayward, S.B.; Taglialatela, A.; Cai, K.; Huang, J.W.; Leuzzi, G.; Cuella-Martin, R.;
Palacios, A.; et al. Stimulation of CRISPR-Mediated Homology-Directed Repair by an Engineered RAD18 Variant. Nat. Commun.
2019, 10, 3395. [CrossRef]

174. Jayavaradhan, R.; Pillis, D.M.; Goodman, M.; Zhang, F.; Zhang, Y.; Andreassen, P.R.; Malik, P. CRISPR-Cas9 Fusion to Dominant-
Negative 53BP1 Enhances HDR and Inhibits NHEJ Specifically at Cas9 Target Sites. Nat. Commun. 2019, 10, 2866. [CrossRef]
[PubMed]

175. Zatreanu, D.; Robinson, H.M.R.; Alkhatib, O.; Boursier, M.; Finch, H.; Geo, L.; Grande, D.; Grinkevich, V.; Heald, R.A.; Langdon,
S.; et al. Polθ Inhibitors Elicit BRCA-Gene Synthetic Lethality and Target PARP Inhibitor Resistance. Nat. Commun. 2021, 12, 3636.
[CrossRef] [PubMed]

176. Stockley, M.L.; Ferdinand, A.; Benedetti, G.; Blencowe, P.; Boyd, S.M.; Calder, M.; Charles, M.D.; Edwardes, L.V.; Ekwuru, T.;
Finch, H.; et al. Discovery, Characterization, and Structure-Based Optimization of Small-Molecule in Vitro and in Vivo Probes for
Human DNA Polymerase Theta. J. Med. Chem. 2022, 65, 13879–13891. [CrossRef]

177. Schimmel, J.; Muñoz-Subirana, N.; Kool, H.; van Schendel, R.; van der Vlies, S.; Kamp, J.A.; de Vrij, F.; Kushner, S.A.; Smith,
G.C.M.; Boulton, S.J.; et al. Modulating Mutational Outcomes and Improving Precise Gene Editing at CRISPR-Cas9-Induced
Breaks by Chemical Inhibition of End-Joining Pathways. Cell Rep. 2023, 42, 112019. [CrossRef]

178. Lee, J.-S. Activation of ATM-Dependent DNA Damage Signal Pathway by a Histone Deacetylase Inhibitor, Trichostatin A. Cancer
Res. Treat. 2007, 3, 125–130. [CrossRef]

179. Jimeno, S.; Fernández-Ávila, M.J.; Cruz-García, A.; Cepeda-García, C.; Gómez-Cabello, D.; Huertas, P. Neddylation Inhibits
CtIP-Mediated Resection and Regulates DNA Double Strand Break Repair Pathway Choice. Nucleic Acids Res. 2015, 43, 987–999.
[CrossRef]

180. Glanzer, J.G.; Carnes, K.A.; Soto, P.; Liu, S.; Parkhurst, L.J.; Oakley, G.G. A Small Molecule Directly Inhibits the P53 Transactivation
Domain from Binding to Replication Protein A. Nucleic Acids Res. 2013, 41, 2047–2059. [CrossRef]

181. Glanzer, J.G.; Liu, S.; Oakley, G.G. Small Molecule Inhibitor of the RPA70 N-Terminal Protein Interaction Domain Discovered
Using in Silico and in Vitro Methods. Bioorg Med. Chem. 2011, 19, 2589–2595. [CrossRef]

182. Kosicki, M.; Tomberg, K.; Bradley, A. Repair of Double-Strand Breaks Induced by CRISPR–Cas9 Leads to Large Deletions and
Complex Rearrangements. Nat. Biotechnol. 2018, 36, 765–771. [CrossRef]

183. Turchiano, G.; Andrieux, G.; Klermund, J.; Blattner, G.; Pennucci, V.; el Gaz, M.; Monaco, G.; Poddar, S.; Mussolino, C.; Cornu,
T.I.; et al. Quantitative Evaluation of Chromosomal Rearrangements in Gene-Edited Human Stem Cells by CAST-Seq. Cell Stem
Cell 2021, 28, 1136–1147.e5. [CrossRef]

184. Leibowitz, M.L.; Papathanasiou, S.; Doerfler, P.A.; Blaine, L.J.; Sun, L.; Yao, Y.; Zhang, C.-Z.; Weiss, M.J.; Pellman, D. Chro-
mothripsis as an On-Target Consequence of CRISPR-Cas9 Genome Editing. Nature Genetics 2021, 53, 895–905. [CrossRef]
[PubMed]

185. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable Editing of a Target Base in Genomic DNA without
Double-Stranded DNA Cleavage. Nature 2016, 533, 420–424. [CrossRef] [PubMed]

151



Cells 2025, 14, 277

186. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable Base Editing of T to G
C in Genomic DNA without DNA Cleavage. Nature 2017, 551, 464–471. [CrossRef]

187. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.; Newby, G.A.; Raguram, A.;
et al. Search-and-Replace Genome Editing without Double-Strand Breaks or Donor DNA. Nature 2019, 576, 149–157. [CrossRef]

188. Arezi, B.; Hogrefe, H. Novel Mutations in Moloney Murine Leukemia Virus Reverse Transcriptase Increase Thermostability
through Tighter Binding to Template-Primer. Nucleic Acids Res. 2009, 37, 473–481. [CrossRef]

189. Baranauskas, A.; Paliksa, S.; Alzbutas, G.; Vaitkevicius, M.; Lubiene, J.; Letukiene, V.; Burinskas, S.; Sasnauskas, G.; Skirgaila, R.
Generation and Characterization of New Highly Thermostable and Processive M-MuLV Reverse Transcriptase Variants. Protein
Eng. Des. Sel. 2012, 25, 657–668. [CrossRef]

190. Chen, P.J.; Hussmann, J.A.; Yan, J.; Knipping, F.; Ravisankar, P.; Chen, P.F.; Chen, C.; Nelson, J.W.; Newby, G.A.; Sahin, M.; et al.
Enhanced Prime Editing Systems by Manipulating Cellular Determinants of Editing Outcomes. Cell 2021, 184, 5635–5652.e29.
[CrossRef]

191. Yan, J.; Oyler-Castrillo, P.; Ravisankar, P.; Ward, C.C.; Levesque, S.; Jing, Y.; Simpson, D.; Zhao, A.; Li, H.; Yan, W.; et al. Improving
Prime Editing with an Endogenous Small RNA-Binding Protein. Nature 2024, 628, 639–647. [CrossRef]

192. Doman, J.L.; Pandey, S.; Neugebauer, M.E.; An, M.; Davis, J.R.; Randolph, P.B.; McElroy, A.; Gao, X.D.; Raguram, A.; Richter, M.F.;
et al. Phage-Assisted Evolution and Protein Engineering Yield Compact, Efficient Prime Editors. Cell 2023, 186, 3983–4002.e26.
[CrossRef]

193. Li, X.; Zhou, L.; Gao, B.Q.; Li, G.; Wang, X.; Wang, Y.; Wei, J.; Han, W.; Wang, Z.; Li, J.; et al. Highly Efficient Prime Editing by
Introducing Same-Sense Mutations in PegRNA or Stabilizing Its Structure. Nat. Commun. 2022, 13, 1669. [CrossRef]

194. Zhang, G.; Liu, Y.; Huang, S.; Qu, S.; Cheng, D.; Yao, Y.; Ji, Q.; Wang, X.; Huang, X.; Liu, J. Enhancement of Prime Editing via
XrRNA Motif-Joined PegRNA. Nat. Commun. 2022, 13, 1856. [CrossRef] [PubMed]

195. Nelson, J.W.; Randolph, P.B.; Shen, S.P.; Everette, K.A.; Chen, P.J.; Anzalone, A.V.; An, M.; Newby, G.A.; Chen, J.C.; Hsu, A.; et al.
Engineered PegRNAs Improve Prime Editing Efficiency. Nat. Biotechnol. 2022, 40, 402–410. [CrossRef]

196. Liu, B.; Dong, X.; Cheng, H.; Zheng, C.; Chen, Z.; Rodríguez, T.C.; Liang, S.Q.; Xue, W.; Sontheimer, E.J. A Split Prime Editor with
Untethered Reverse Transcriptase and Circular RNA Template. Nat. Biotechnol. 2022, 40, 1388–1393. [CrossRef] [PubMed]

197. Feng, Y.; Liu, S.; Mo, Q.; Liu, P.; Xiao, X.; Ma, H. Enhancing Prime Editing Efficiency and Flexibility with Tethered and Split
PegRNAs. Protein Cell 2023, 14, 304–308. [CrossRef]

198. Hendel, A.; Bak, R.O.; Clark, J.T.; Kennedy, A.B.; Ryan, D.E.; Roy, S.; Steinfeld, I.; Lunstad, B.D.; Kaiser, R.J.; Wilkens, A.B.; et al.
Chemically Modified Guide RNAs Enhance CRISPR-Cas Genome Editing in Human Primary Cells. Nat. Biotechnol. 2015, 33,
985–989. [CrossRef]

199. Chen, R.; Cao, Y.; Liu, Y.; Zhao, D.; Li, J.; Cheng, Z.; Bi, C.; Zhang, X. Enhancement of a Prime Editing System via Optimal
Recruitment of the Pioneer Transcription Factor P65. Nat. Commun. 2023, 14, 257. [CrossRef]

200. Park, S.J.; Jeong, T.Y.; Shin, S.K.; Yoon, D.E.; Lim, S.Y.; Kim, S.P.; Choi, J.; Lee, H.; Hong, J.I.; Ahn, J.; et al. Targeted Mutagenesis in
Mouse Cells and Embryos Using an Enhanced Prime Editor. Genome Biol. 2021, 22, 170. [CrossRef]

201. Song, M.; Lim, J.M.; Min, S.; Oh, J.S.; Kim, D.Y.; Woo, J.S.; Nishimasu, H.; Cho, S.R.; Yoon, S.; Kim, H.H. Generation of a More
Efficient Prime Editor 2 by Addition of the Rad51 DNA-Binding Domain. Nat. Commun. 2021, 12, 5617. [CrossRef]

202. Truong, D.J.J.; Geilenkeuser, J.; Wendel, S.V.; Wilming, J.C.H.; Armbrust, N.; Binder, E.M.H.; Santl, T.H.; Siebenhaar, A.; Gruber,
C.; Phlairaharn, T.; et al. Exonuclease-Enhanced Prime Editors. Nat. Methods 2024, 21, 455–464. [CrossRef]

203. Velimirovic, M.; Zanetti, L.C.; Shen, M.W.; Fife, J.D.; Lin, L.; Cha, M.; Akinci, E.; Barnum, D.; Yu, T.; Sherwood, R.I. Peptide Fusion
Improves Prime Editing Efficiency. Nat. Commun. 2022, 13, 3512. [CrossRef]

204. Liu, P.; Liang, S.Q.; Zheng, C.; Mintzer, E.; Zhao, Y.G.; Ponnienselvan, K.; Mir, A.; Sontheimer, E.J.; Gao, G.; Flotte, T.R.; et al.
Improved Prime Editors Enable Pathogenic Allele Correction and Cancer Modelling in Adult Mice. Nat. Commun. 2021, 12, 2121.
[CrossRef] [PubMed]

205. Nishimasu, H.; Shi, X.; Ishiguro, S.; Gao, L.; Hirano, S.; Okazaki, S.; Noda, T.; Abudayyeh, O.O.; Gootenberg, J.S.; Mori, H.; et al.
Engineered CRISPR-Cas9 Nuclease with Expanded Targeting Space. Science 2018, 361, 1259–1262. [CrossRef] [PubMed]

206. Walton, R.T.; Christie, K.A.; Whittaker, M.N.; Kleinstiver, B.P. Unconstrained Genome Targeting with Near-PAMless Engineered
CRISPR-Cas9 Variants. Science 2020, 368, 290–296. [CrossRef] [PubMed]

207. Kweon, J.; Yoon, J.K.; Jang, A.H.; Shin, H.R.; See, J.E.; Jang, G.; Kim, J.I.; Kim, Y. Engineered Prime Editors with PAM Flexibility.
Mol. Ther. 2021, 29, 2001–2007. [CrossRef]

208. Kleinstiver, B.P.; Prew, M.S.; Tsai, S.Q.; Topkar, V.V.; Nguyen, N.T.; Zheng, Z.; Gonzales, A.P.W.; Li, Z.; Peterson, R.T.; Yeh, J.R.J.;
et al. Engineered CRISPR-Cas9 Nucleases with Altered PAM Specificities. Nature 2015, 523, 481–485. [CrossRef]

209. Kleinstiver, B.P.; Pattanayak, V.; Prew, M.S.; Tsai, S.Q.; Nguyen, N.T.; Zheng, Z.; Joung, J.K. High-Fidelity CRISPR-Cas9 Nucleases
with No Detectable Genome-Wide off-Target Effects. Nature 2016, 529, 490–495. [CrossRef]

210. Böck, D.; Rothgangl, T.; Villiger, L.; Schmidheini, L.; Matsushita, M.; Mathis, N.; Ioannidi, E.; Rimann, N.; Man Grisch-Chan, H.;
Kreutzer, S.; et al. In Vivo Prime Editing of a Metabolic Liver Disease in Mice. Sci. Transl. Med. 2022, 14, eabl9238. [CrossRef]

152



Cells 2025, 14, 277

211. Oh, Y.; Lee, W.J.; Hur, J.K.; Song, W.J.; Lee, Y.; Kim, H.; Gwon, L.W.; Kim, Y.H.; Park, Y.H.; Kim, C.H.; et al. Expansion of the
Prime Editing Modality with Cas9 from Francisella Novicida. Genome Biol. 2022, 23, 92. [CrossRef]

212. Liang, R.; He, Z.; Zhao, K.T.; Zhu, H.; Hu, J.; Liu, G.; Gao, Q.; Liu, M.; Zhang, R.; Qiu, J.L.; et al. Prime Editing Using
CRISPR-Cas12a and Circular RNAs in Human Cells. Nat. Biotechnol. 2024, 42, 1867–1875. [CrossRef]

213. Liu, B.; Dong, X.; Zheng, C.; Keener, D.; Chen, Z.; Cheng, H.; Watts, J.K.; Xue, W.; Sontheimer, E.J. Targeted Genome Editing
with a DNA-Dependent DNA Polymerase and Exogenous DNA-Containing Templates. Nat. Biotechnol. 2024, 42, 1039–1045.
[CrossRef]

214. Ferreira da Silva, J.; Tou, C.J.; King, E.M.; Eller, M.L.; Rufino-Ramos, D.; Ma, L.; Cromwell, C.R.; Metovic, J.; Benning, F.M.C.;
Chao, L.H.; et al. Click Editing Enables Programmable Genome Writing Using DNA Polymerases and HUH Endonucleases. Nat.
Biotechnol. 2024. [CrossRef]

215. Nguyen, L.T.; Rakestraw, N.R.; Pizzano, B.L.M.; Young, C.B.; Huang, Y.; Beerensson, K.T.; Fang, A.; Antal, S.G.; Anamisis, K.V.;
Peggs, C.M.D.; et al. Efficient Genome Editing with Chimeric Oligonucleotide-Directed Editing. bioRxiv 2024. [CrossRef]

216. Jiang, K.; Yan, Z.; Di Bernardo, M.; Sgrizzi, S.R.; Villiger, L.; Kayabolen, A.; Kim, B.; Carscadden, J.K.; Hiraizumi, M.; Nishimasu,
H.; et al. Rapid Protein Evolution by Few-Shot Learning with a Protein Language Model. bioRxiv 2024. [CrossRef]

217. Anzalone, A.V.; Gao, X.D.; Podracky, C.J.; Nelson, A.T.; Koblan, L.W.; Raguram, A.; Levy, J.M.; Mercer, J.A.M.; Liu, D.R.
Programmable Deletion, Replacement, Integration and Inversion of Large DNA Sequences with Twin Prime Editing. Nat.
Biotechnol. 2022, 40, 731–740. [CrossRef] [PubMed]

218. Wang, J.; He, Z.; Wang, G.; Zhang, R.; Duan, J.; Gao, P.; Lei, X.; Qiu, H.; Zhang, C.; Zhang, Y.; et al. Efficient Targeted Insertion of
Large DNA Fragments without DNA Donors. Nat. Methods 2022, 19, 331–340. [CrossRef]

219. Choi, J.; Chen, W.; Suiter, C.C.; Lee, C.; Chardon, F.M.; Yang, W.; Leith, A.; Daza, R.M.; Martin, B.; Shendure, J. Precise Genomic
Deletions Using Paired Prime Editing. Nat. Biotechnol. 2022, 40, 218–226. [CrossRef]

220. Zhuang, Y.; Liu, J.; Wu, H.; Zhu, Q.; Yan, Y.; Meng, H.; Chen, P.R.; Yi, C. Increasing the Efficiency and Precision of Prime Editing
with Guide RNA Pairs. Nat. Chem. Biol. 2022, 18, 29–37. [CrossRef]

221. Tao, R.; Wang, Y.; Jiao, Y.; Hu, Y.; Li, L.; Jiang, L.; Zhou, L.; Qu, J.; Chen, Q.; Yao, S. Bi-PE: Bi-Directional Priming Improves
CRISPR/Cas9 Prime Editing in Mammalian Cells. Nucleic Acids Res. 2022, 50, 6423–6434. [CrossRef]

222. Zheng, C.; Liu, B.; Dong, X.; Gaston, N.; Sontheimer, E.J.; Xue, W. Template-Jumping Prime Editing Enables Large Insertion and
Exon Rewriting in Vivo. Nat. Commun. 2023, 14, 3369. [CrossRef]

223. Merrick, C.A.; Zhao, J.; Rosser, S.J. Serine Integrases: Advancing Synthetic Biology. ACS Synth. Biol. 2018, 7, 299–310. [CrossRef]
224. Thomason, L.C.; Calendar, R.; Ow, D.W. Gene Insertion and Replacement in Schizosaccharomyces Pombe Mediated by the

Streptomyces Bacteriophage ΦC31 Site-Specific Recombination System. Mol. Genet. Genom. 2001, 265, 1031–1038. [CrossRef]
[PubMed]

225. Pandey, S.; Gao, X.D.; Krasnow, N.A.; McElroy, A.; Tao, Y.A.; Duby, J.E.; Steinbeck, B.J.; McCreary, J.; Pierce, S.E.; Tolar, J.; et al.
Efficient Site-Specific Integration of Large Genes in Mammalian Cells via Continuously Evolved Recombinases and Prime Editing.
Nat. Biomed. Eng. 2025, 9, 22–39. [CrossRef] [PubMed]

226. Yarnall, M.T.N.; Ioannidi, E.I.; Schmitt-Ulms, C.; Krajeski, R.N.; Lim, J.; Villiger, L.; Zhou, W.; Jiang, K.; Garushyants, S.K.; Roberts,
N.; et al. Drag-and-Drop Genome Insertion of Large Sequences without Double-Strand DNA Cleavage Using CRISPR-Directed
Integrases. Nat. Biotechnol. 2023, 41, 500–512. [CrossRef]

227. Lin, Q.; Jin, S.; Zong, Y.; Yu, H.; Zhu, Z.; Liu, G.; Kou, L.; Wang, Y.; Qiu, J.L.; Li, J.; et al. High-Efficiency Prime Editing with
Optimized, Paired PegRNAs in Plants. Nat. Biotechnol. 2021, 39, 923–927. [CrossRef]

228. Durrant, M.G.; Fanton, A.; Tycko, J.; Hinks, M.; Chandrasekaran, S.S.; Perry, N.T.; Schaepe, J.; Du, P.P.; Lotfy, P.; Bassik, M.C.;
et al. Systematic Discovery of Recombinases for Efficient Integration of Large DNA Sequences into the Human Genome. Nat.
Biotechnol. 2023, 41, 488–499. [CrossRef]

229. Acharya, S.; Wilson, T.; Gradia, S.; Kane, M.F.; Guerrette, S.; Marsischky, G.T.; Kolodner, R.; Fishel, R. HMSH2 Forms Specific
Mispair-Binding Complexes with HMSH3 and HMSH6. Proc. Natl. Acad. Sci. USA 1996, 93, 13629–13634. [CrossRef]

230. Drummond, J.T.; Li, G.-M.; Longley, M.J.; Modrich, P. Isolation of an HMSH2-P160 Heterodimer That Restores DNA Mismatch
Repair to Tumor Cells. Science 1995, 268, 1909–1912. [CrossRef]

231. Genschel, J.; Littman, S.J.; Drummond, J.T.; Modrich, P. Isolation of MutSβ from Human Cells and Comparison of the Mismatch
Repair Specificities of MutSβ and MutSα. J. Biol. Chem. 1998, 273, 19895–19901. [CrossRef]

232. Palombo, F.; Gallinari, P.; Iaccarino, I.; Lettieri, T.; Huges, M.; D’Arrigo, A.; Truong, O.; Hsuan, J.J.; Jiricny, J. GTPB, a 160-Kilodalton
Protein Essential for Mitsmatch-Binding Activity in Human Cells. Science 1995, 268, 1912–1914. [CrossRef]

233. Palombo, F.; Iaccarino, I.; Nakajima, E.; Ikejima, M.; Shimada, T.; Jiricny, J. HMutSbeta, a Heterodimer of HMSH2 and HMSH3,
Binds to Insertion/Deletion Loops in DNA. Curr. Biol. 1996, 6, 1181–1184. [CrossRef]

234. Papadopoulos, N.; Nicolaides, N.C.; Liu, B.; Parsons, R.; Lengauer, C.; Palombo, F.; D’Arrigo, A.; Markowitz, S.; Willson, J.K.;
Kinzler, K.W. Mutations of GTBP in Genetically Unstable Cells. Science 1995, 268, 1915–1917. [CrossRef] [PubMed]

153



Cells 2025, 14, 277

235. Li, G.-M.; Modrich, P. Restoration of Mismatch Repair to Nuclear Extracts of H6 Colorectal Tumor Cells by a Heterodimer of
Human MutL Homologs (Cancer/Genetic Instability). Proc. Natl. Acad. Sci. USA 1995, 92, 1950–1954. [CrossRef] [PubMed]

236. Blackwell, L.J.; Wang, S.; Modrich, P. DNA Chain Length Dependence of Formation and Dynamics of HMutSα·hMutLα·
Heteroduplex Complexes. J. Biol. Chem. 2001, 276, 33233–33240. [CrossRef] [PubMed]

237. Kadyrov, F.A.; Dzantiev, L.; Constantin, N.; Modrich, P. Endonucleolytic Function of MutLα in Human Mismatch Repair. Cell
2006, 126, 297–308. [CrossRef]

238. Kadyrov, F.A.; Genschel, J.; Fang, Y.; Penland, E.; Edelmann, W.; Modrich, P. A Possible Mechanisms for Exonuclease 1-Dependent
Eukaryotic Mismatch Repair. Proc. Natl. Acad. Sci. USA 2009, 106, 8495–8500. [CrossRef]

239. Genschel, J.; Modrich, P. Mechanism of 5′-Directed Excision in Human Mismatch Repair. Mol. Cell 2003, 12, 1077–1086. [CrossRef]
240. Blanko, E.R.; Kadyrova, L.Y.; Kadyrov, F.A. DNA Mismatch Repair Interacts with CAF-1- and ASF1A-H3-H4-Dependent Histone

(H3-H4)2 Tetramer Deposition. J. Biol. Chem. 2016, 291, 9203–9217. [CrossRef]
241. Longley, M.J.; Pierce, A.J.; Modrich, P. DNA Polymerase δ Is Required for Human Mismatch Repair in Vitro. Journal of Biological

Chemistry 1997, 272, 10917–10921. [CrossRef]
242. Constantin, N.; Dzantiev, L.; Kadyrov, F.A.; Modrich, P. Human Mismatch Repair: RECONSTITUTION OF A NICK-DIRECTED

BIDIRECTIONAL REACTION. J. Biol. Chem. 2005, 280, 39752–39761. [CrossRef]
243. Kratz, K.; Artola-Borán, M.; Kobayashi-Era, S.; Koh, G.; Oliveira, G.; Kobayashi, S.; Oliveira, A.; Zou, X.; Richter, J.; Tsuda, M.;

et al. FANCD2-Associated Nuclease 1 Partially Compensates for the Lack of Exonuclease 1 in Mismatch Repair. Mol Cell Biol
2021, 41, e0030321. [CrossRef]

244. Kadyrova, L.Y.; Dahal, B.K.; Gujar, V.; Daley, J.M.; Sung, P.; Kadyrov, F.A. The Nuclease Activity of DNA2 Promotes Exonuclease
1-Independent Mismatch Repair. J. Biol. Chem. 2022, 298, 101831. [CrossRef] [PubMed]

245. Zhang, Y.; Yuan, F.; Presnell, S.R.; Tian, K.; Gao, Y.; Tomkinson, A.E.; Gu, L.; Li, G.M. Reconstitution of 5′-Directed Human
Mismatch Repair in a Purified System. Cell 2005, 122, 693–705. [CrossRef] [PubMed]

246. Sallmyr, A.; Rashid, I.; Bhandari, S.K.; Naila, T.; Tomkinson, A.E. Human DNA Ligases in Replication and Repair. DNA Repair
2020, 93, 102908. [CrossRef]

247. Habib, O.; Habib, G.; Hwang, G.-H.; Bae, S. Comprehensive Analysis of Prime Editing Outcomes in Human Embryonic Stem
Cells. Nucleic Acids Res. 2022, 50, 1187–1197. [CrossRef]

248. Ferreira da Silva, J.; Oliveira, G.P.; Arasa-Verge, E.A.; Kagiou, C.; Moretton, A.; Timelthaler, G.; Jiricny, J.; Loizou, J.I. Prime
Editing Efficiency and Fidelity Are Enhanced in the Absence of Mismatch Repair. Nat. Commun. 2022, 13, 760. [CrossRef]

249. Park, J.C.; Kim, Y.J.; Han, J.H.; Kim, D.; Park, M.J.; Kim, J.; Jang, H.K.; Bae, S.; Cha, H.J. MutSα and MutSβ as Size-Dependent
Cellular Determinants for Prime Editing in Human Embryonic Stem Cells. Mol. Ther. Nucleic Acids 2023, 32, 914–922. [CrossRef]

250. Li, X.; Chen, W.; Martin, B.K.; Calderon, D.; Lee, C.; Choi, J.; Chardon, F.M.; McDiarmid, T.A.; Daza, R.M.; Kim, H.; et al. Chromatin
Context-Dependent Regulation and Epigenetic Manipulation of Prime Editing. Cell 2024, 187, 2411–2427.e25. [CrossRef]

251. McCulloch, S.D.; Gu, L.; Li, G.M. Bi-Directional Processing of DNA Loops by Mismatch Repair-Dependent and -Independent
Pathways in Human Cells. J. Biol. Chem. 2003, 278, 3891–3896. [CrossRef]

252. Koeppel, J.; Weller, J.; Peets, E.M.; Pallaseni, A.; Kuzmin, I.; Raudvere, U.; Peterson, H.; Liberante, F.G.; Parts, L. Prediction of
Prime Editing Insertion Efficiencies Using Sequence Features and DNA Repair Determinants. Nat. Biotech. 2023, 41, 1446–1456.
[CrossRef]

253. Thomas, D.C.; Roberts, J.D.; Kunkel, T.A. Heteroduplex Repair in Extracts of Human HeLa Cells. J. Biol. Chem. 1991, 266,
3744–3751. [CrossRef]

254. Balakrishnan, L.; Bambara, R.A. Okazaki Fragment Metabolism. Cold Spring Harb. Perspect. Biol. 2013, 5, a010173. [CrossRef]
[PubMed]

255. Khatib, J.B.; Nicolae, C.M.; Moldovan, G.L. Role of Translesion DNA Synthesis in the Metabolism of Replication-Associated
Nascent Strand Gaps. J. Mol. Biol. 2024, 436, 168275. [CrossRef] [PubMed]

256. Kondratick, C.M.; Washington, M.T.; Spies, M. Making Choices: DNA Replication Fork Recovery Mechanisms. Semin. Cell Dev.
Biol. 2021, 113, 27–37. [CrossRef]

257. Kannouche, P.L.; Wing, J.; Lehmann, A.R. Interaction of Human DNA Polymerase η with Monoubiquitinated PCNA: A Possible
Mechanism for the Polymerase Switch in Response to DNA Damage. Mol. Cell 2004, 14, 491–500. [CrossRef]

258. Motegi, A.; Liaw, H.-J.; Lee, K.-Y.; Roest, H.P.; Maas, A.; Wu, X.; Moinova, H.; Markowitz, S.D.; Ding, H.; J Hoeijmakers, J.H.;
et al. Polyubiquitination of Proliferating Cell Nuclear Antigen by HLTF and SHPRH Prevents Genomic Instability from Stalled
Replication Forks. Proc. Natl. Acad. Sci. USA 2008, 105, 12411–12416. [CrossRef]

259. Chiu, R.K.; Brun, J.; Ramaekers, C.; Theys, J.; Weng, L.; Lambin, P.; Gray, D.A.; Wouters, B.G. Lysine 63-Polyubiquitination Guards
against Translesion Synthesis-Induced Mutations. PLoS Genet. 2006, 2, e116. [CrossRef]

260. Motegi, A.; Sood, R.; Moinova, H.; Markowitz, S.D.; Liu, P.P.; Myung, K. Human SHPRH Suppresses Genomic Instability through
Proliferating Cell Nuclear Antigen Polyubiquitination. J. Cell Biol. 2006, 175, 703–708. [CrossRef]

154



Cells 2025, 14, 277

261. Joseph, S.A.; Taglialatela, A.; Leuzzi, G.; Huang, J.W.; Cuella-Martin, R.; Ciccia, A. Time for Remodeling: SNF2-Family DNA
Translocases in Replication Fork Metabolism and Human Disease. DNA Repair 2020, 95, 102943. [CrossRef]

262. Blastyák, A.; Hajdú, I.; Unk, I.; Haracska, L. Role of Double-Stranded DNA Translocase Activity of Human HLTF in Replication
of Damaged DNA. Mol. Cell. Biol. 2009, 30, 684–693. [CrossRef]

263. Hishiki, A.; Hara, K.; Ikegaya, Y.; Yokoyama, H.; Shimizu, T.; Sato, M.; Hashimoto, H. Structure of a Novel DNA-Binding Domain
of Helicase-like Transcription Factor (HLTF) and Its Functional Implication in DNA Damage Tolerance. J. Biol. Chem. 2015, 290,
13215–13223. [CrossRef]

264. Miller, A.K.; Mao, G.; Knicely, B.G.; Daniels, H.G.; Rahal, C.; Putnam, C.D.; Kolodner, R.D.; Goellner, E.M. Rad5 and Its Human
Homologs, HLTF and SHPRH, Are Novel Interactors of Mismatch Repair. Front. Cell Dev. Biol. 2022, 10, 843121. [CrossRef]
[PubMed]

265. Mazur, D.J.; Perrino, F.W. Excision of 3′ Termini by the Trex1 and TREX2 3′–5′ Exonucleases. Characterization of the Recombinant
Proteins. J. Biol. Chem. 2001, 276, 17022–17029. [CrossRef]

266. Mazur, D.J.; Perrino, F.W. Identification and Expression of the TREX1 and TREX2 CDNA Sequences Encoding Mammalian 3′–5′

Exonucleases. J. Biol. Chem. 1999, 274, 19655–19660. [CrossRef] [PubMed]
267. Höss, M.; Robins, P.; Naven, T.J.; Pappin, D.J.; Sgouros, J.; Lindahl, T. A Human DNA Editing Enzyme Homologous to the

Escherichia Coli DnaQ/MutD Protein. EMBO J. 1999, 18, 3868–3875. [CrossRef] [PubMed]
268. Gao, D.; Li, T.; Li, X.D.; Chen, X.; Li, Q.Z.; Wight-Carter, M.; Chen, Z.J. Activation of Cyclic GMP-AMP Synthase by Self-DNA

Causes Autoimmune Diseases. Proc. Natl. Acad. Sci. USA 2015, 112, E5699–E5705. [CrossRef] [PubMed]
269. Ahn, J.; Ruiz, P.; Barber, G.N. Intrinsic Self-DNA Triggers Inflammatory Disease Dependent on STING. J. Immunol. 2014, 193,

4634–4642. [CrossRef]
270. Richards, A.; van den Maagdenberg, A.M.J.M.; Jen, J.C.; Kavanagh, D.; Bertram, P.; Spitzer, D.; Liszewski, M.K.; Barilla-Labarca,

M.-L.; Terwindt, G.M.; Kasai, Y.; et al. C-Terminal Truncations in Human 3′-5′ DNA Exonuclease TREX1 Cause Autosomal
Dominant Retinal Vasculopathy with Cerebral Leukodystrophy. Nat. Genet. 2007, 39, 1068–1070. [CrossRef]

271. Lee-Kirsch, M.A.; Gong, M.; Chowdhury, D.; Senenko, L.; Engel, K.; Lee, Y.-A.; de Silva, U.; Bailey, S.L.; Witte, T.; Vyse, T.J.; et al.
Mutations in the Gene Encoding the 3′-5′ DNA Exonuclease TREX1 Are Associated with Systemic Lupus Erythematosus. Nat.
Genet. 2007, 39, 1065–1067. [CrossRef]

272. Chowdhury, D.; Beresford, P.J.; Zhu, P.; Zhang, D.; Sung, J.-S.; Demple, B.; Perrino, F.W.; Lieberman, J. The Exonuclease TREX1 Is
in the SET Complex and Acts in Concert with NM23-H1 to Degrade DNA during Granzyme A-Mediated Cell Death. Mol. Cell.
2006, 23, 133–142. [CrossRef]

273. Yang, Y.-G.; Lindahl, T.; Barnes, D.E. Trex1 Exonuclease Degrades SsDNA to Prevent Chronic Checkpoint Activation and
Autoimmune Disease. Cell 2007, 131, 873–886. [CrossRef]

274. Christmann, M.; Tomicic, M.T.; Aasland, D.; Berdelle, N.; Kaina, B. Three Prime Exonuclease I (TREX1) Is Fos/AP-1 Regulated by
Genotoxic Stress and Protects against Ultraviolet Light and Benzo(a)Pyrene-Induced DNA Damage. Nucleic Acids Res. 2010, 38,
6418–6432. [CrossRef] [PubMed]

275. Marple, T.; Son, M.Y.; Cheng, X.; Ko, J.H.; Sung, P.; Hasty, P. TREX2 Deficiency Suppresses Spontaneous and Genotoxin-Associated
Mutagenesis. Cell Rep. 2024, 43, 113637. [CrossRef] [PubMed]

276. Ko, J.H.; Son, M.Y.; Zhou, Q.; Molnarova, L.; Song, L.; Mlcouskova, J.; Jekabsons, A.; Montagna, C.; Krejci, L.; Hasty, P. TREX2
Exonuclease Causes Spontaneous Mutations and Stress-Induced Replication Fork Defects in Cells Expressing RAD51K133A. Cell
Rep. 2020, 33, 108543. [CrossRef]

277. Adikusuma, F.; Lushington, C.; Arudkumar, J.; Godahewa, G.I.; Chey, Y.C.J.; Gierus, L.; Piltz, S.; Geiger, A.; Jain, Y.; Reti, D.; et al.
Optimized Nickase- and Nuclease-Based Prime Editing in Human and Mouse Cells. Nucleic Acids Res. 2021, 49, 10785–10795.
[CrossRef]

278. Peterka, M.; Akrap, N.; Li, S.; Wimberger, S.; Hsieh, P.P.; Degtev, D.; Bestas, B.; Barr, J.; van de Plassche, S.; Mendoza-Garcia, P.;
et al. Harnessing DSB Repair to Promote Efficient Homology-Dependent and -Independent Prime Editing. Nat. Commun. 2022,
13, 1240. [CrossRef]

279. Jiang, T.; Zhang, X.-O.; Weng, Z.; Xue, W. Deletion and Replacement of Long Genomic Sequences Using Prime Editing. Nat.
Biotechnol. 2021, 40, 227–234. [CrossRef]

280. Tao, R.; Wang, Y.; Hu, Y.; Jiao, Y.; Zhou, L.; Jiang, L.; Li, L.; He, X.; Li, M.; Yu, Y.; et al. WT-PE: Prime Editing with Nuclease
Wild-Type Cas9 Enables Versatile Large-Scale Genome Editing. Signal Transduct. Target. Ther. 2022, 7, 108. [CrossRef]

281. Li, X.; Zhang, G.; Huang, S.; Liu, Y.; Tang, J.; Zhong, M.; Wang, X.; Sun, W.; Yao, Y.; Ji, Q.; et al. Development of a Versatile
Nuclease Prime Editor with Upgraded Precision. Nat Commun 2023, 14, 305. [CrossRef]

282. Antoniou, P.; Dacquay, L.; Selfjord, N.; Madeyski-Bengtson, K.; Loyd, A.-L.; Gordon, E.; Thom, G.; Hsieh, P.-P.; Wimberger, S.;
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Abstract: Although more difficult to detect than in the cytoplasm, it is now clear that actin polymer-
ization occurs in the nucleus and that it plays a role in the specific processes of the nucleus such as
transcription, replication, and DNA repair. A number of studies suggest that nuclear actin polymer-
ization is promoting precise DNA repair by homologous recombination, which could potentially
be of help for precise genome editing and gene therapy. This review summarizes the findings and
describes the challenges and chances in the field.
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1. Introduction

Rare diseases are diseases with a frequency of less than 0.05%. More than 7000 rare
diseases are known to be affecting about 350 million people worldwide [1]. Most rare
diseases are caused by mutations, and gene therapy is therefore the only curative treatment
option for these patients. CRISPR gene editing is an exciting possibility for therapeutic
repair of defective genes in rare diseases [2,3]. Here, a complex of a Cas9 protein with a
short guide RNA function as a genomic “scissor”, which precisely cuts the genome at a
single place close to the mutation, introducing a double-strand DNA break (DSB). In the
presence of a repair template, the defective mutation is repaired precisely without leaving
any traces in the genome. In the absence of a repair template and in competition with
precise gene editing, an error-prone repair takes place, which introduces further mutations
at the DSB. To increase the efficiency of gene therapy and reduce costs, a large amount
of research is currently trying to increase the efficiency of precise repair during CRISPR
gene editing. Nuclear actin polymerization is a candidate pathway to promote precise
gene editing.

Actin is expressed in all cells and contributes by polymerization to the cytoskeleton
and cell morphology. Regulation of the actin cytoskeleton is crucial for cell migration
and adhesion by controlling membrane protrusions and cell contraction [4,5]. It also
plays a role in endocytosis and intracellular transport of vesicles and organelles [6]. In
recent years, it has been revealed that actin polymerization can also occur in the nucleus,
mostly in response to stress such as serum stimulation or irradiation. This was reported to
influence transcription, translation, replication, and DNA repair [7,8]. With respect to DNA
repair, nuclear actin polymerization was often linked to the promotion of precise repair
by homologous recombination (HR) [9]. In this review, we describe the basics of actin
polymerization and the repair of DSBs, and we present and discuss the current knowledge
of how nuclear actin polymerization and DNA repair might be linked.

2. Regulation of Actin Polymerization

Actin exists in two forms: the monomeric actin (G-actin) and the filamentous actin
(F-actin). These forms convert to each other in a dynamic equilibrium that is controlled by
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a large number of actin-binding proteins (ABPs) (Figure 1) [8]. Above a critical concentra-
tion, G-actin can polymerize spontaneously to F-actin, but G-actin-binding molecules such
as profilin reduce the concentration of free G-actin in the cell below the critical level, pre-
venting uncontrolled polymerization. Profilin also promotes the exchange of ADP bound to
actin by ATP, which is a key step for actin polymerization (Figure 1). At low concentrations
of free actin, actin polymerization is triggered by actin nucleation-promoting factors (NPFs).
Formins such as mDia and Formin 2 (FMN2) promote the linear polymerization of actin
filaments, whereas the Arp2/3 complex, together with Wasp family proteins, initiates
the growth of branched actin networks (Figure 1) [10,11]. A third group of NPFs are
tandem-monomer-binding proteins such as Spire. Force generated by actin polymerization
can mediate membrane protrusions or intracellular movements of bacteria in mammalian
cells [4]. Crosslinking proteins like filamin, fimbrin, and α-actinin organize F-actin into
networks and bundles, providing structural integrity to the cytoskeleton [12–14]. Within
the actin filaments, actin-bound ATP is hydrolyzed to ADP, which allows binding and
severing of the filaments by cofilin and stimulates depolymerization at the pointed end of
the filaments (Figure 1) [5]. Barbed-end capping proteins like CapZ and gelsolin bind to
the fast-growing, barbed end of actin filaments, inhibiting elongation, while the pointed-
end capping protein tropomodulin can inhibit depolymerization. Myosins can “walk” on
F-actin in an ATP-dependent manner, which is used for cell contraction or for the intracel-
lular transport of vesicles and organelles [15]. Finally, many signaling pathways regulate
the activity of ABPs by protein–protein interaction, post-translational modification, or by
regulating their expression [15].

 

Figure 1. Regulation of nuclear actin polymerization. ADP-actin-cofilin is imported into the nucleus
by IPO9, while profilin exports ATP-actin to the cytoplasm with the help of XPO6. Profilin binding
to actin promotes the exchange of ADP for ATP, which facilitates actin polymerization. Formin
proteins (mDia, FMN2) contribute to linear F-actin formation, which is accelerated by Spire. Arp2/3,
together with Wasp family proteins, mediates branched F-actin formation. Cofilin facilitates actin
depolymerization by severing ADP-bound F-actin.
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3. Actin Polymerization in the Nucleus

Monomeric and filamentous actin are not only found in the cytoplasm but also in
the nucleus. In addition, many ABPs are present in the nucleus, suggesting that regu-
lated actin polymerization in the nucleus might be of physiological importance for nuclear
processes [8]. Although monomeric, unbound actin, based on its small size of 42 kD, should
be able to freely diffuse to the nucleus, it uses energy-dependent transport processes to
quickly move in and out of the nucleus. Import of G-actin to the nucleus is mediated
by unphosphorylated cofilin binding to preferentially ADP-bound G-actin and importin
9 (IPO9) (Figure 1) [16,17]. Phosphorylation of cofilin will prevent its binding to actin
and, consequently, nuclear import. Regulation of cofilin phosphorylation by LIM kinase
and slingshot phosphatase appears therefore as a major physiological pathway to mod-
ulate the nuclear import of G-actin [18,19]. Indeed, phosphorylation of cofilin during
mitotic exit corresponded to the formation of nuclear F-actin [20], and cofilin regula-
tors were identified in a genome-wide screen for inhibitors of nuclear actin localization
and polymerization [21].

Export from the nucleus requires binding of G-actin to profilin and exportin 6 (XPO6) [22].
Inhibition of the nuclear export of actin by knockdown (KD) of XPO6 increases nuclear
G-actin levels and promotes nuclear F-actin formation [23,24].

Interestingly, unphosphorylated cofilin not only promotes the nuclear import of
G-actin but also severs F-actin [25]. Thus, active cofilin in the cytoplasm will promote
both depolymerization of F-actin in the cytoplasm and transport of G-actin to the nucleus
(Figure 1), suggesting that nuclear G-actin levels are increasing when cytoplasmic actin
depolymerization is high. In addition, active cofilin mediating nuclear transport of G-actin
might promote the severing and depolymerization of ADP-bound F-actin in the nucleus,
resulting in a short lifetime of nuclear actin filaments induced by cofilin dephosphorylation.
On the other hand, profilin not only promotes the nuclear export of actin but also facilitates
the polymerization of ATP-actin by binding to NPFs [5]. These contrasting relationships
might suggest that actin polymerization is less likely in the nucleus than in the cytoplasm,
and that normally, nuclear F-actin in unstressed mammalian cells is much more difficult
to detect than cytoplasmic F-actin. Whether the relatively low amounts of nuclear actin
polymerization are due to evolutionary pressure, trying to avoid toxically high levels of
nuclear actin polymerization, is unclear.

4. Repair Mechanisms of Double-Strand DNA Breaks

DSBs can be repaired by error-prone mechanisms, including classical nonhomologous
end joining (cNHEJ) and microhomology-mediated end joining (MMEJ), or by precise
homologous recombination (HR) (Figure 2).

cNHEJ is started by the binding of Ku70/Ku80 dimers to the DSBs, which triggers
the association with other repair-associated proteins [26]. The free DNA ends are either
ligated directly or after some processing by nucleases or polymerases, which often results
in insertions or deletions (indels).

On the other hand, binding of CtIP and the MRE11-Rad50-NBS1 (MRN) complex,
which contains the nuclease MRE11, to DSBs is initiating end resection, which is the
generation of single-stranded overhangs on both sides of the DSBs [27]. This process occurs
only during the S and G2 phases [28,29], while cNHEJ is possible during all phases of the
cell cycle [26].

If the overhangs are about 20 bps, a short stretch of complementary base-pairing can
associate the opposite sides of the break, which is then sealed by the combined action of
nucleases and polymerases [30]. This repair is called MMEJ and results in a short deletion
of DNA.
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Figure 2. Repair pathways of DSB. In the cNHEJ pathway, Ku70/80 proteins bind to DSBs, which
results in small deletions and insertions. When the MRN-CtIP complex binds to DSBs, short-range
end resection occurs and ssDNA overhangs are generated, which can lead to the MMEJ pathway.
DSBs can further enter long-range end resection mediated by proteins such as EXO1 or BLM, where
the long ssDNA overhangs are bound by RPA. RPA is then replaced by RAD51 or RAD52, which
direct repair to HR or SSA and SSTR, respectively. Indels are indicated in red, and precise genome
editing is indicated in green.

Longer end resections, mediated by helicases and nucleases such as EXO1 and BLM,
will enable the binding of replication protein A (RPA) to the single strand ends, which is
later replaced by RAD52 or RAD51 [31–33]. In the absence of a template, complementary
base pairing of RAD52-bound stretches longer than 20 bp can trigger deletion-causing
DNA repair. This repair pathway is called single-strand annealing (SSA). In the presence
of a single-stranded DNA (ssDNA) template with homologous sequences on both sides
of the DSBs, precise genome editing can be performed (single-stranded template repair,
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SSTR). RAD51-bound single strands can undergo HR with the help of double-stranded
DNA (dsDNA) templates with homologous sequences on both sides of the DSB. Templates
could be sister chromatids or exogenously provided DNA.

Precise genome editing via HR is a hope for patients suffering from rare diseases that
are caused by mutations. Genome editing by CRISPR/Cas9 introduces a DSB close to the
mutation, which is then repaired with the help of a template. Unfortunately, error-prone
repairs by cNHEJ and MMEJ are mostly outcompeting the precise edits by SSTR and HR,
resulting in a low percentage of correctly repaired genes. For the clinical application of
CRISPR genome editing, it is therefore essential to maximize the percentage of cells that
are repaired by precise DNA repair. Mechanisms that can contribute to this goal should be
investigated for their potential use in gene therapy, and nuclear actin polymerization is a
candidate pathway for promoting HR.

5. Methodological Challenges

Investigating the role of nuclear actin polymerization in DSB repair faces several
methodological problems.

Firstly, the effect of nuclear actin polymerization might be dependent on the method
applied to induce DSBs. DSBs can be induced by different methods. Often used are
irradiation or chemical reagents [34,35] that induce multiple DSBs but also have side effects
such as the production of reactive oxygen species [36]. In addition, different DSB-inducing
agents have different preferences with respect to the target site [37]. A more subtle method
for DSB induction is the expression of sequence-specific nucleases that cut the genome
at single or multiple DSBs [38,39]. Yet, only in the latter case will it be possible to detect
effects based on the clustering of multiple DSBs.

Secondly, the method used for detection of nuclear actin polymerization might be
either not nucleus-specific or include the risk of directly affecting actin polymerization.
A common way to detect F-actin in fixed cells is by staining them with fluorescently labeled
phalloidin [20]. However, the high amount of cytoplasmic F-actin makes it, in most cases,
difficult to clearly identify potential nuclear F-actin. In corresponding wide-field images,
stress fibers can appear to extend from the cytoplasm into the nuclear area, although they
are in fact located above the nucleus. In confocal or super-resolution microscopy, these
false positive nuclear stress fibers appear significantly weaker in the apparent nuclear area
and can be identified as extranuclear in 3D stack analyses.

Detection of nuclear F-actin by transfection of cells with fluorescent protein probes
binding to F-actin and targeted to the nucleus by a nuclear localization sequence (NLS)
has two advantages: They largely avoid the detection of cytoplasmic F-actin, and they
allow the monitoring of nuclear F-actin in living cells. Some of these probes were shown to
promote the non-physiological formation of F-actin, while others appeared to be neutral [40].
However, depending on the expression level and the cellular system used, artifact formation
can never be completely excluded [41]. Actin chromobodies are intracellularly expressed
fluorescent proteins that bind to actin via an antibody-derived protein domain. Cobb et al.
reported that following expression of actin chromobodies in U2OS cells, about 20% of the
cells showed clearly visible nuclear nodules or fibrils, which in some cases were thick,
long, and bended [42]. Palumbieri et al. stably expressed a FLAG-tagged NLS-actin fusion
protein at low levels in U2OS cells, which was detected after fixation by immunofluoresent
staining for the FLAG tag [43]. With this system, they detected nuclear foci and fibrils
in about 30% of the untreated cells. Such structures have not been described before in
phalloidin-stained, untransfected U2OS cells. One possible explanation for this discrepancy
would be that actin chromobodies and FLAG-tagged actin might be much more sensitive in
detecting nuclear F-actin than phalloidin. Another explanation would be that these probes
stabilize F-actin structures and, by this mechanism, increase nuclear F-actin.

In MCF7 cells, transient expression of actin chromobodies detected long and bended
nuclear F-actin only following inhibition of p53 [44]. Importantly, these F-actin structures
could easily be detected by phalloidin staining, but only in cells transfected with actin
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chromobodies. Similarly, nLifeact-GFP expression resulted in phalloidin-stainable, thick
nuclear actin filaments, while cells not expressing the probe showed no nuclear F-actin
detectable by phalloidin. These data suggest that actin-binding probes expressed in living
cells indeed have the potential to induce nuclear F-actin.

As a final methodological challenge, it is difficult to specifically interfere with nuclear
actin polymerization. Nuclear and cytoplasmic actin pools are connected in a dynamic
equilibrium, and nuclear–cytoplasmic transport is regulated by the amounts of actin
transport molecules and by their post-translational modifications [16]. Molecules regulating
actin polymerization are often present both in the cytoplasm and the nucleus. Targeting
molecules in the nucleus with an NLS sequence might lead to unphysiologically high levels
of this protein in the nucleus. Targeting a non-polymerizable actin mutant in the nucleus
reduces nuclear actin polymerization but might have effects on nuclear proteins that bind
G-actin. Inhibitors, such as KD or knockout (KO), will efficiently work on the nuclear
protein but also on cytoplasmic proteins, which indirectly might affect DNA repair.

Torii et al. explored the effect of the overexpression of nuclear-targeted and GFP-coupled
wild-type and S14C actin, an actin polymerization-promoting mutant [44]. With wild-type
actin, inhibition of p53 and treatment with doxorubicin promoted the formation of thin
nuclear actin filaments not detectable by phalloidin. In contrast, S14C actin resulted in
actin nodules with very thin, short fibrillar extensions, all of which could be stained by
phalloidin. While the molecular reason for these differences is not clear, they indicate
that results obtained with NLS-actin-GFP fusions as well as with actin mutants need to be
interpreted very carefully.

6. Nuclear Actin Polymerization Promotes DNA Repair by HR

Several studies have demonstrated that actin and ABPs bind to DSBs and promote actin
polymerization and clustering of DNA repair foci, which are membrane-less condensates
that form around sites of DNA damage [45]. Importantly, nuclear actin polymerization is
often correlated with increased precise genome editing.

The first evidence of nuclear actin potentially being involved in DSB repair came
from an F-actin disruption experiment in human MCF-7 breast cancer cells [46]. Shin et al.
uncovered that protein levels of phosphorylated histone H2AX (γH2AX), a marker of
DSB, were dramatically increased after latrunculin B (LatB)-induced actin disruption [46].
Subsequently, Andrin et al. confirmed a direct association between polymerized actin
and DSB repair proteins, including Ku70, Ku80, Mre11, and Rad51, through in vitro
F-actin co-precipitation [47]. Of note, these proteins include repair proteins required
for cNHEJ as well as for resection and HR. In addition, the authors showed by different
assays that inhibition of actin polymerization inhibits the repair of irradiation-induced
DSBs, particularly cNHEJ [47]. However, neither of the above evidence could prove a
direct interaction between nuclear F-actin and DNA repair proteins, as the binding might
be mediated by ABPs. Since expression of an NLS-tagged non-polymerizable actin mutant
(G13R) reduced retention of Ku80-GFP at laser micro-irradiation-induced DNA defects sim-
ilar to treatment with the actin polymerization inhibitor cytochalasin D [47], cytoplasmic
actin polymerization appeared not to be involved in the observed effects.

Later, Belin et al. detected an increased amount of both long and short actin filaments
in the nucleus induced by DNA-damaging agents such as methyl-methanesulfonate (MMS)
using phalloidin staining and live-cell actin probes in Hela cells [23]. The experiments
showed that DNA damage-induced nuclear actin assembly requires the nucleation factors
FMN2 and Spire-1/Spire-2 but not mDia1/2, which earlier were shown to trigger nuclear
actin polymerization (Figure 3) [23,48]. Depletion of either FMN2 or IPO9 increased the
number of DSBs detected by 53BP1 or γH2AX as markers [23]. The authors considered this
observation to be inefficient DSB clearance in the absence of nuclear actin filaments, but it
cannot be excluded that the clustering of DSBs contributes to the decrease in DSB foci. The
mechanism by which nuclear F-actin DNA promotes DNA repair was not studied.
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Figure 3. Nuclear actin polymerization-dependent regulation of DNA repair. Presented are different
studies indicating the involvement of nuclear actin polymerization in the repair of DSBs with the
corresponding suggested molecular mechanisms. The clustering and movement of DSBs were
reported to depend in some models on FMN2 [42,44], but in other systems on Arp2/3-dependent
actin polymerization [45,46]. WASP was found to release RPA bound to G-actin [48], but also to
bind to DSBs and facilitate end resection by nuclear F-actin formation [46]. Independent of actin
polymerization, WASP binding to RPA was demonstrated to increase RPA binding to ssDNA [47].

Utilizing a high-throughput chromosome conformation capture assay (capture Hi-C),
Aymard et al. revealed that DSBs at transcriptionally active genes cluster in the G1 cell
cycle phase, which coincides with delayed repair [49]. Clustering depended on the MRN
complex, the actin nucleation promoting formin FMN2, and the linker of the nuclear
and cytoplasmic skeleton (LINC) complex, which connects structural proteins close to the
internal nuclear membrane with the actin, microtubule, and intermediate filament networks
of the cytoplasm. The researchers proposed that DSB clustering may help to sequester DSBs
and prevent error-prone cNHEJ repair in G1, enabling delayed but precise DSB repair by
HR in G2 [49]. This study suggested that nuclear actin polymerization is required in DSB
clustering-driven repair by HR (Figure 3). However, the specific mechanism of how actin
polymerization triggers DSB clustering and whether indeed nuclear actin polymerization
is involved were not tested.

In Drosophila, repair of DSBs in heterochromatic regions by HR involves the DSB
movement to the nuclear periphery before Rad51 recruitment, probably to avoid aberrant
recombination with other DNA sequences than the sister chromosome [50]. Caridi et al.
demonstrated that this DSB movement is dependent on Arp2/3-mediated nuclear actin
polymerization and independent of the actin nucleators Spire and mDia (Figure 3) [50].
Furthermore, siRNA experiments demonstrated that Arp2/3 is activated by Wash or Scar
but not by WASP or Whamy. Following irradiation, Arp2/3 co-precipitated with the hete-
rochromatin repair complex Smc5/6, suggesting a close coupling of DSB repair with actin
polymerization. Heterochromatic DSB movement also required myosin and the myosin
activator Unc45. In contrast to heterochromatic DSBs, euchromatic DSBs rarely moved to
the periphery, and undamaged heterochromatic DNA hardly moved at all. Interestingly,
Arp2/3 was not important for clustering of early repair foci in heterochromatin, while it
was essential for euchromatic early repair foci clustering.

Immunofluorescence staining of endogenously expressed WASP, an Arp2/3 stimu-
lating NPF, revealed its localization at all DSBs in U2OS sarcoma cells and mouse-tail
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fibroblasts (MTFs) [51]. However, only at DSBs undergoing resection in the G2 cell cycle
phase did Arp2/3 dependent actin polymerization take place, resulting in DSB clustering.
These clustered DSBs were positive for RPA, RAD51, or RAD52, suggesting that clustering
might affect DNA repair by HR and SSA (Figure 3). Indeed, inhibitors of Arp2/3-dependent
actin polymerization or of WASP reduced HR and SSA, as shown by I-SceI assays, where
restriction enzyme-induced DSBs are repaired in a template-dependent or independent
manner [51]. Neither FMN2 nor other formins such as mDia1 and mDia2 were involved in
this effect, as shown by KD and inhibitors. Interestingly, MMEJ or cNHEJ, neither of which
require substantial resection, were not impaired by inhibiting WASP or Arp2/3, implying
a resection-promoting role of actin polymerization in HR repair. The authors presented
a model where resection enhances DSB movement, which, in a positive feedback-loop,
increases resection [51]. How WASP is activated after recruitment to DSBs only at DSBs
undergoing resection was not clarified.

Recently, Lamm et al. showed that aphidicolin-induced replication stress stimulated
nuclear actin polymerization involving IQGAP1, WASP, Arp2/3, and inhibition of cofilin by
phosphorylation [52]. Nuclear actin polymerization was found to contribute to replication
fork repair. Here, myosin II was required for the movement of the replication foci. This
suggests that the machinery required for the movement of DSBs and replication foci is
partially overlapping.

A different role for WASP was suggested by Han et al. [53]. They observed that WASP
interacts with RPA, which increases its interaction with ssDNA (Figure 3). WASP KO
leads to less RPA binding to ssDNA and increased γH2AX staining. This could indicate
the accumulation of unrepaired DSBs due to insufficient HR and SSA, which are both
dependent on RPA. In yeast, SSA-induced deletion was not significantly influenced by
loss of the WASP orthologue Las17, but DSB repair by SSA was even improved by Las17
deficiency. WASP-deficient B and T cells showed differential cell cycle changes to genotoxic
stress dependent on the genotoxin, which is of interest as resection-dependent repair only
occurs in S/G2 [53].

A completely different way of regulating RPA binding to ssDNA was proposed by
Nieminuszczy and colleagues [54]. They showed that RPA can bind to actin and that
this interaction prevents RPA binding to ssDNA. Actin polymerization releases RPA from
actin, allowing RPA to bind to ssDNA and promote resection dependent DNA repair (HR
and SSA) (Figure 3). KD of the actin nucleators WASP, N-WASP, or mDia1 all showed a
similar increase in DSBs in the S/G2 phase identified by RBP1 foci following HU treatment.
In this case, no direct interaction of the actin polymerization machinery with the DSB
appeared necessary.

A principally similar indirect type of regulation was earlier described for the MAL/MRTF
transcription factor. In the cytoplasm, MAL/MRTF is bound to G-actin [55]. Actin poly-
merization releases MAL/MRTF, which can then travel to the nucleus, where it stimulates
transcription in collaboration with the SRF transcription factor [56]. Potentially, nuclear
actin polymerization might influence the nuclear activity of MAL/MRTF [57]. Also, for the
regulation of MAL/MRTF signaling, the exact type of NPF triggering actin polymerization
is not relevant.

Related to this principle of regulation, nuclear RNA polymerases and several
chromatin-modifying complexes, such as INO80 or TIP60, were shown to bind to monomeric
actin, which appears to be important for the stability and function of these
complexes [58–60]. If nuclear actin polymerization reduces the availability of G-actin,
the stability of these chromatin-modifying complexes might be decreased. Importantly,
these actin monomer-binding complexes might affect DNA repair, as was shown, for
example, for TIP60 and INO80 [60–65].

Taken together, most of these studies indicate that nuclear actin polymerization pro-
motes DSB repair by HR and SSA by facilitating resection. The exact molecular mechanisms
underlying it, however, are not entirely clear. Several, maybe parallel, mechanisms were
suggested involving different types of actin NPFs. To further investigate this process,
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it will be helpful to induce DSBs by methods with fewer side effects on other cellular
processes than irradiation or chemical reagents. Secondly, the use of gene KO in the cell
lines of interest could complement the published siRNA and small molecule inhibitor
studies, which have a higher chance for partial as well as off-target effects. Rescue of
the KO models by re-expression of the wild-type molecule would safely confirm that the
observed effect is indeed related to the mutated gene. Thirdly, performing the rescue with
molecules fused to nuclear export sequences (NES) or NLS and directing the proteins to
the cytoplasm or nucleus, respectively, might help to distinguish between cytoplasmic and
nuclear functions.

7. DSB Movement and Repair

The molecular details of how DSB movement or clustering support DNA repair by
HR or SSA are not clear. One option would be that DSBs are moved from a region with
a low likelihood of HR to a region with a high likelihood. Similarly, DSB clustering
might increase the local concentration of HR-related proteins, facilitating recombination.
On the other hand, increased DSB concentration could also increase the competition for
HR-related proteins.

Several lines of evidence have suggested chromatin mobility changes in response
to DSBs [49,66–70]. The pattern of chromatin mobility after DNA damage could be dif-
ferent depending on the DSB location, repair sites, and time [66,71,72]. Chromatin mo-
tions proximal to DSB sites retain higher mobility, whereas the motions of chromatin
distal to DSBs are globally reduced [66]. In yeast and human cells, the motion of dam-
aged DNA requires HR machinery [49,73], but it is not clear how DSB clusters direct to
repair-conducive sites, how they interact with HR regulators, and in which role nuclear
actin is involved. Another open question is how the directionality of the movement
is controlled.

However, the clustering and spatial compartmentalization of DSBs triggered by
WASP-Arp2/3-dependent nuclear actin polymerization also increase the risk of chro-
mosomal translocations [74–76]. A study found that the location of DSBs proximal or distal
to the centromere exhibits different mechanisms in DNA repair [71]. DSB mobility near
the centromere relied on γH2AX, independently of the Rad9-dependent checkpoint and
the Rad51 nucleofilament. The movement of sub-telomeric distal DSBs, on the other hand,
contingent on the presence of a homologous sequence close to the centromere, required
both Rad9 and the Rad51 nucleofilament essential for HR [71,77].

8. Is Nuclear Actin Polymerization Required for Genome Maintenance?

Defects in DNA repair caused by the alterations of nuclear actin polymerization could
promote the frequency of mutations and contribute to the development of cancer.

Wiskott–Aldrich syndrome patients lack a functional WASP-encoding gene and suffer
from severe immunosuppression and a predisposition to non-Hodgkin lymphoma and
leukemia [78]. Lymphocytes from WAS patients displayed defective resection, implying
impaired DNA repair by HR [51]. Whether this predisposition to leukemia and lymphoma
is caused by defective HR repair, however, has not been shown yet. Since all nuclear actin
polymerization regulators identified also have cytoplasmic functions, mutations in these
genes will most likely influence both nuclear and cytoplasmic functions, making it difficult
to prove a correlation between defective nuclear function and cancer development.

9. Can Facilitated Actin Polymerization Promote Genome Editing by HR?

While the inhibition of actin polymerization was shown by many groups to interfere
with DSB repair by HR, it is still not clear whether it will be possible to facilitate nuclear
actin polymerization in a way that promotes DSB repair by HR or SSTR, which would be
of interest for ex vivo gene therapy of stem cells. If the release of RPA from monomeric
actin is a rate-limiting step, all treatments that elevate nuclear actin polymerization would
be supportive. However, transient knockdown of the nuclear actin exporter XPO6 in
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HeLa cells promoted nuclear actin polymerization but did not alter the frequency of MMS-
induced DSBs as detected by 53BP1 foci [47].

The movement of DSBs was shown by several groups to occur exclusively at DSBs
undergoing HR [50,51]. It would be interesting to test whether it is possible to increase
the fraction of DSB undergoing movement by altering the regulation of nuclear actin
polymerization and whether this would increase the fraction of DSBs that are repaired
by HR.

Irradiation was reported to cause nuclear activation of RhoA [79], a Rho GTPase that
in the cytoplasm induces actin polymerization via the mDia formins and via activation of
myosin-dependent contraction. It was reported that RhoA inhibition increased the number
of DSBs by irradiation and impaired the NHEJ pathway in glioma cells in a p53-dependent
way, while HR was only affected in p53-mutant cells [80]. However, the effect of nuclear
RhoA activation or inhibition on HR has not yet been investigated.

When in a closed conformation, WASP is neither able to bind to Arp2/3 nor to induce
actin polymerization. The binding of GTP-bound Cdc42 to WASP induces a conformational
shift and enables actin polymerization. Whether this WASP activation scheme could be
integrated with the proposed binding of WASP to all DSBs, while Arp2/3 is binding only
to those DSBs undergoing resection, needs to be studied. In any case, the regulation of the
actin polymerization activity of nuclear WASP will be of interest.

Cofilin controls the nuclear import of actin as well as the severing of nuclear F-actin.
Cofilin dephosphorylation, promoting its binding to ADP-actin, was reported to transiently
increase nuclear F-actin [20]. Whether this increase affects DSB repair was not tested. On
the other hand, siRNA against cofilin promoted nuclear F-actin during mitotic exit [20],
while it prevented nuclear actin accumulation induced by XPO6 siRNA [16]. This suggests
that the regulation of cofilin needs to be carefully regulated to obtain the desired result of
more nuclear F-actin due to reduced severing.

10. Conclusions

The current data do not identify strong candidates for actin polymerization regulating
genes that could be transiently tuned to promote precise genome editing. However, an im-
proved molecular understanding of how nuclear actin polymerization is controlled might
provide such targets. For future experiments, phalloidin staining appears to be the gold
standard for monitoring nuclear F-actin. If live cell actin probes are used, it should always
be controlled whether their expression affects nuclear F-actin as detectable by phalloidin
staining. If nuclear actin polymerization is manipulated by inhibition, overexpression, or
knockout of actin regulators controlling, for example, nuclear transport, polymerization,
or severing of F-actin, it needs to be demonstrated that these actin regulators are altered
in activity or expression under physiological circumstances. Moreover, under physio-
logical conditions, changes in actin regulators should correspond to changes in nuclear
F-actin. Distinguishing the effects of nuclear actin polymerization from effects on actin
monomer-binding chromatin modifier complexes will remain a challenge. Perhaps testing
the consequences of nuclear actin polymerization on DSB repair in cell lines with KO of
one or several genes of chromatin modifier complexes could be an option. DSB induction
by CRISPR will be a subtle method to trigger DNA repair, avoiding the unwanted side
effects associated with irradiation or chemical carcinogens, which indirectly might affect
DSB repair. Finally, testing the consequences of altered actin polymerization directly on
the HDR and NHEJ efficiency of CRISPR gene editing will increase the chances for novel
findings that improve the efficiency of gene therapy for rare diseases.
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Abstract: Lysosomal storage disorders (LSDs) are inherited metabolic conditions charac-
terized by lysosomal enzyme deficiencies leading to substrate accumulation. As genetic
diseases, LSDs can be treated with gene therapies (GT), including the CRISPR/Cas systems.
The CRISPR/Cas systems enable precise and programmable genome editing, leading to
targeted modifications at specific genomic loci. While the classical CRISPR/Cas9 system
has been extensively used to generate LSD disease models and correct disease-associated
genetic alterations through homologous recombination (HR), recently described Cas pro-
teins as well as CRISPR/Cas9-derived strategies such as base editing, prime editing, and
homology-independent targeted integration (HITI) offer a novel way to develop innova-
tive treatments for LSDs. The direct administration of the CRISPR/Cas9 system remains
the primary strategy evaluated in several LSDs; nevertheless, the ex vivo CRISPR/Cas9-
based approach has been recently explored, primarily in central nervous system-affecting
LSDs. Ex vivo approaches involve genetically modifying, in theory, any patient cells in
the laboratory and reintroducing them into the patient to provide a therapeutic effect.
This manuscript reviews the molecular aspects of the CRISPR/Cas technology and its
implementation in ex vivo strategies for LSDs while discussing novel approaches beyond
the classical CRISPR/Cas9 system.

Keywords: CRISPR/Cas; ex vivo; gene therapy; lysosomal storage disorders

1. Introduction

Lysosomal storage disorders (LSDs) are metabolic conditions characterized by overac-
cumulation of partially or non-degraded substrates due to impaired lysosomal function [1].
Primary LSD care involves enzyme replacement therapy (ERT) and symptom treatment to
improve the patient’s quality of life [2]. Strategies such as substrate reduction, degradation
therapy, and molecular chaperones could become potential treatments in the future [3,4].
As genetic diseases, LSDs can be treated via gene therapy (GT) to correct the mutation
causing the disease. Although classical GT enables the delivery of therapeutic genes via
adeno-associated virus (AAV) and lentivirus (LV), the vector dilution effect and random
integration are significant challenges associated with these strategies [5–7].

Contrary to the AAV- and LV-based GTs, the clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated proteins (Cas), abbreviated as
CRISPR/Cas, lead to modifying the genome through precise DNA cutting and then har-
nessing natural homologous recombination (HR) DNA repair in the presence of a donor
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template (Figure 1). The absence of a donor template results in indel (insertion or deletion)
formation due to the predominant activity of the non-homologous end-joining (NHEJ)
pathway in mammalian cells [8,9]. While in vivo CRISPR/Cas9-based GT has demon-
strated promising outcomes in several LSD models [10–12], the pre-existing anti-Cas9
immune response could limit its therapeutic efficacy [13,14]. In consequence, ex vivo
CRISPR/Cas9-based GT has emerged as a novel alternative for several LSDs [15].

Figure 1. The classical CRISPR/Cas9 system and its use as a gene therapy (GT) approach. (Left

panel) The classical CRISPR/Cas9 system requires a double-strand break (DSB) within the DNA
mediated by an RNA-guided Cas9 protein. Upon DSB, the cell activates two central repair mech-
anisms: the homologous recombination (HR) and non-homologous end-joining (NHEJ) pathways.
While HR is predominant in dividing cells, the NHEJ is active in both dividing and non-dividing
cells. Most importantly, HR needs a donor template with homologous arms to be inserted into the
host genome. Without a donor template, the NHEJ mediates the DSB repair, producing random
insertions or deletions known as indels. (Right panel) The CRISPR/Cas9 system can be used for
in vivo and ex vivo genome editing (GE). Likewise, current studies have demonstrated the suitability
of hematopoietic stem progenitor cells (HSPCs), induced pluripotent stem cells (iPSCs), and neural
stem cells (NSCs) for ex vivo CRISPR/Cas9-based GTs. This figure was created with Biorender.com.

Most of the ex vivo CRISPR/Cas9 approaches tested for LSDs rely on modifying
hematopoietic stem progenitor cells (HSPCs) in a controlled laboratory environment and
later transplanting them into LSD animal models [15]. Although not all LSDs affect the
central nervous system (CNS), about two-thirds of patients present neurological com-
promise [16]. In this regard, HSPCs transplantation (HSCT) has shown encouraging
outcomes in CNS-affecting LSDs, such as mucopolysaccharidosis (MPS) I and metachro-
matic leukodystrophy, as it can induce medullary repopulation [17]. Relevantly, HSPCs
can differentiate into all hematological precursors, including macrophages, which can
cross the blood–brain barrier (BBB) and transform into microglia in response to the brain’s
microenvironment [18]. A significant increase in BBB permeability appears to favor the
migration of macrophages from the bloodstream into the CNS [19,20]. Likewise, it has
been described that HSCT can be successfully implemented in some non-CNS-affecting
LSDs, such as MPS IVA, as it improves the 6-minute walk test, increases stature, and
enhances respiratory function and hearing in early-treated MPS IVA patients [21,22]. In
this case, mature lysosomal enzyme-producing blood cells can distribute throughout the
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body and mediate cross-correction, thereby ameliorating systemic symptoms in tissues
distant from the bone marrow (BM), such as the spleen, liver, and heart, by decreasing
substrate accumulation, which ultimately increases patient survival [23].

HSCT is a promising alternative for treating LSDs; however, graft-versus-host dis-
ease (GVHD) is a significant concern that limits allogeneic HSCT even in the presence
of matched human leukocyte antigen (HLA) [24]. Interestingly, using the CRISPR/Cas
system, it is possible to isolate patients’ HSPCs, carefully engineer them in the laboratory,
and finally reinfuse them into the patient to repopulate the BM (Figure 1) [15]. This au-
tologous HSCT procedure significantly reduces the risk of GVHD and graft rejection [24].
While HSPCs are the most common cells used in ex vivo CRISPR/Cas-based GTs, the
feasibility of induced pluripotent stem cells (iPSCs) and neural stem cells (NSCs) has also
been demonstrated for some LSDs (Figure 1). Although the CRISPR/Cas9 system is the
most common strategy for ex vivo approaches in LSDs, successful gene editing requires
the generation of double-strand breaks (DSBs) within the DNA by Cas9 [25], which raises
critical safety concerns, including potential unwanted Cas9 cutting. Thus, alternatives such
as CRISPR/Cas12a, base editing (BE), prime editing (PE), and homology-independent tar-
geted integration (HITI) could offer innovative options, improving the safety and efficiency
of the CRISPR/Cas-based genome editing (GE).

This review summarizes the classical ex vivo CRISPR/Cas9 approaches for LSDs while
exploring novel alternatives beyond Cas9 and HR for inducing genomic DNA rewriting.
A comprehensive literature search was performed using PubMed, Web of Science, and
Google Scholar databases. The search included peer-reviewed articles published between
January 2015 and May 2025, with a focus on the most recent developments (2020–2025),
using the Boolean operators (“CRISPR/Cas” OR “CRISPR-based editing”) AND (“ex vivo
gene therapy” OR “hematopoietic stem cells” OR “induced pluripotent stem cells”) AND
(“lysosomal storage disorders” OR “MPS” OR “Gaucher” OR “Fabry” OR “Krabbe”) AND
(“base editing” OR “prime editing” OR “Cas12” OR “Cas13” OR “HITI”).

2. The CRISPR/Cas Systems

The CRISPR/Cas system is an adaptive immune system in prokaryotes [8,9]. The locus
CRISPR harbors short repetitive elements separated by spacers and a series of CRISPR-
associated (Cas) genes that encode for Cas proteins. During an invasion by bacteriophages,
transposons, or plasmids, the CRISPR/Cas locus is activated to induce Cas-mediated
cutting of foreign DNA [8]. The released DNA fragments are later inserted into the CRISPR
locus as new spacers, conferring variability to the system. Upon re-infection by the same
invader, a CRISPR-associated RNA (crRNA) recognizes the foreign genetic material and
mediates Cas-dependent cleavage, thereby protecting the host [26]. The CRISPR/Cas
systems are classified into two classes, six types, thirty-three subtypes, and seventeen
variants (Figure 2) [27].
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Figure 2. Classification of the CRISPR/Cas systems. The CRISPR/Cas system is primarily classified
based on the presence of multi- or single-Cas proteins. Due to its simplicity, Cas proteins belonging
to class 2 are the most explored for GE purposes; nevertheless, some class I proteins (i.e., Cas3) are
also potential tools for treating human diseases. This figure was created with Biorender.com.

2.1. DNA-Targeting Cas Enzymes

While Cas9 remains the most popular DNA-binding endonuclease used in CRISPR/Cas,
several other Cas proteins have been described and could be considered for GE purposes.
The main features of Cas proteins are detailed in Table 1.

Table 1. Main features of Cas proteins.

* Cas Variant
MW

(kDa)
Substrate

Preference
PAM Requirement

Collateral
Activity

Editing
Mechanism

Cas9 160 dsDNA 5′-NGG-3′ No Blunt-end DSBs

Cas3 120 ssDNA Varies
(Cascade-dependent) No Processive DNA

degradation

Cas12a (Cpf1) 130 dsDNA 5′-TTTV-3′ Yes (ssDNA) Staggered DSBs

Cas 12e (CasX) 112 dsDNA 5′-TTCN-3′ No ssDNA cleavage

Cas12j (CasΦ) 95 ssDNA PAM-independent Yes (ssDNA) Staggered DSBs

Cas12f1 60 ssDNA T-rich Yes (ssDNA) ssDNA cleavage

Cas14 50 ssDNA PAM-independent Yes (ssDNA) ssDNA cleavage

Cas7-11 120 ssRNA PFS-like motifs No RNA cleavage

Cas13 150 ssRNA PFS Yes (ssRNA) RNA cleavage
* Alternative names given to Cas variants are presented in parentheses. MW, molecular weight; PAM, protospacer-
adjacent motif; PFS, protospacer-flanking site.
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2.1.1. Cas9

The Cas9 enzyme is the most commonly used endonuclease in CRISPR/Cas. The
Cas9 enzyme is composed of a recognition and a nuclease lobe. Two catalytic domains,
termed HNH (histidine–asparagine–histidine) and RuvC, mediate the DSB of dsDNA upon
protospacer-adjacent motif (PAM) recognition [8,9,28]. Several modifications of the Cas9
protein have been reported, including high-fidelity Cas9 (HF-Cas9), Cas9 nickase (nCas9,
lacking endonuclease activity from HNH or RuvC), and dead Cas9 (dCas9) as well as
NHEJ-inhibiting proteins such as Brex27, CtIP, DN1S, and RAD52, among others, which
are fused to Cas9 for enhancing the HR pathway [8,9]. We have published a comprehensive
review of Cas9 variants and encourage readers to consult it [8].

2.1.2. Cas3

The Cas3 enzyme is an effector enzyme with both endonuclease and helicase ac-
tivity, predominantly binding ssDNA in a 3′-to-5′ direction upon exerting its helicase
activity [29,30]. Contrary to Cas9, which induces small deletions [31], Cas3 “shreds” DNA,
producing large deletions up to multiple kilobases from the starting point. The Cas3-
mediated DNA processing results in fewer off-target effects compared to those produced
by Cas9 [32,33]. Cas3 has been previously tested by Morisaka et al. (2019) in an exon-
skipping strategy using Duchenne muscular dystrophy (DMD)-induced pluripotent stem
cells (iPSCs) [34]. DMD is a genetic disorder caused by pathogenic variant mutations in the
dystrophin gene, resulting in a deficiency of the dystrophin protein, which is essential for
maintaining muscle function [35]. Results from this study demonstrated the recovery of the
dystrophin protein through CRISPR/Cas3-mediated skipping of exon 45 [34], providing
proof of concept for the therapeutic applicability of the CRISPR/Cas3 system.

2.1.3. Cas12

Cas12a, initially classified as Cpf1, is a DNA endonuclease that generates staggered
breaks resulting in 5 bp overhangs [36]. This is particularly relevant for HR, as it generates
ssDNA, leading to access to the HR machinery. Most interestingly, Cas12a is approximately
one-third the size of Cas9, making it more suitable for therapeutic applications where
package size is limited, such as AAV vectors [37]. Although Cas12a has been used for the
diagnosis of infection by SARS-CoV-2 [38,39], it has also been tested for GE applications.
For instance, Cas12a has demonstrated a therapeutic impact in restoring the expression
of the CFTR gene in an in vitro model of cystic fibrosis, resulting in an efficiency of up to
8%. Still, Cas12 resulted in lower efficacy compared to Cas9 [40]. Although Cas12e [41–43]
and Cas12j [43,44] have been reported, Cas12f1 has garnered greater attention due to its
smaller size compared to its counterparts [45,46]. Cas12f1 was recently tested by Cui et al.
(2024) [47] to knock out the Nr2e3 gene in a mouse model of retinitis pigmentosa us-
ing AAV vectors. Upon a single subretinal injection in two-week-old mice, the authors
found over 70% transduction efficiency in retinal cells and about 41% indel frequency [47].
Notably, mice showed improved cone function at one month post-treatment and an in-
creased outer nuclear layer [47], suggesting that retinal degeneration was rescued upon
CRISPR/Cas12f1 treatment.

2.1.4. Cas14

Cas14 is the smallest Cas protein that can only bind and cleave ssDNA in a PAM-
independent way [48]. Unlike Cas12a, Cas14 recognizes ssDNA with high specificity,
a feature that has been a key factor in detecting single-nucleotide polymorphisms and
differentiating between pathogens [49]. Contrary to other Cas proteins, Cas14 is susceptible
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to mismatches in the middle of the target region (~6 bp) [50], making it unsuitable for
GT purposes.

2.2. RNA-Targeting Cas Enzymes

Most approaches observed in CRISPR/Cas utilize Cas proteins that can bind and
cut DNA. Nevertheless, RNA-targeting Cas enzymes can also be implemented in clinical
practice. Since these Cas enzymes do not target DNA but RNA, they can be used for
transient knockdown.

2.2.1. Cas7-11

Cas7-11 is a single effector that cuts ssRNA with minimal cell toxicity and lower
off-target effects in mammalian cells compared to its counterpart, Cas13 [51,52]. Cas7-11
comprises a putative Cas11 domain and several Cas7 subunits [52,53]. As a recently dis-
covered Cas enzyme, only a few pieces of evidence are available showing its potential in a
transient knockdown. Moreno-Sánchez et al. (2025) [54] reported using CRISPR/Cas7-11 to
suppress mRNA from the developmental genes nanog and no-tail in zebrafish. Interestingly,
the CRISPR/Cas7-11 system demonstrated an in vivo efficiency of 60.1% without collateral
activity [54]. Most importantly, when targeting the green fluorescent protein (GFP), the au-
thors observed no developmental defects, 28S rRNA cleavage, or transcriptomic alterations
in zebrafish embryos [54], supporting the safety of the CRISPR/Cas7-11 system.

2.2.2. Cas13

Similar to Cas7-11, Cas13 is also an ssRNA-cutting endonuclease. Unlike Cas7-
11, Cas13 exhibits collateral activity that mediates unintended, non-targeted RNA cut-
ting [55,56]. The CRISPR/Cas13 system was recently tested by Kumar et al. (2024) [57]
as a GT for retinal neovascularization by targeting VEGF mRNA in cell-derived retinal
organoids and humanized VEGF transgenic mice. In the mouse model of proliferative
retinopathy, the intravitreal delivery of the CRISPR/Cas13 system packaged into an AAV2
vector resulted in a ~50% reduction in human VEGF expression, along with a reduced leak-
age area, lower leaky vessel density, and fewer branch points in treated mice, suggesting
an amelioration of disease progression [57]. No decrease in mouse VEGF was observed,
supporting the high specificity of the system. Despite these promising achievements, the
CRISPR/Cas13 system induced dysregulation of 23 unidentified genes, as detected by
transcriptomic analysis [57], consistent with the reported collateral effect of Cas13 [55].
Novel variants of Cas13, such as CRISPR-DjCas13d, are under development to maintain
the high specificity of Cas13 while eliminating its collateral effects [54].

2.3. CRISPR/Cas-Derived Alternatives

Initially, the CRISPR/Cas system was designed to modify the genome via Cas9-
mediated DSB and later HR activation. Emerging approaches aim to edit the genome
by leveraging enzymes such as deaminases and reverse transcriptase in CRISPR/Cas-
based systems, which are referred to as base and prime editing, respectively (Figure 3).
Similarly, the HR dependence for GE can be dismissed when working with the homology-
independent targeted integration (HITI) system (Figure 3), potentially increasing the ef-
ficacy of the CRISPR/Cas systems in both dividing and non-dividing cells [58]. Finally,
new DNA repair-independent targeted integration alternatives such as CRISPR-associated
transposases (CAST) and those combining PE and integrases/recombinases have extended
the CRISPR/Cas-based tools that can be evaluated as GT approaches (Figure 3).
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Figure 3. CRISPR/Cas9-based approaches. (A) BE is a genome editing tool that involves a ribonu-
cleoprotein (RNP) complex, comprising an sgRNA and nCas9 protein. nCas9 is fused to either
adenine (ADA) or cytosine (CDA) deaminase. Upon Cas9-mediated ssDNA nicking, ADA or CDA
mediates the deamination of adenine and cytosine. While adenine deamination leads to inosine
formation (upper), cytosine deamination leads to uracil (bottom). Later replication or reparation
mechanisms allow the final conversion from I to G and U to T. (B) The PE system retains the RNP
complex comprising a pegRNA and nCas9. nCas9 is fused to a reverse transcriptase (RT). The
pegRNA is a large sgRNA containing a primer binding site (PBS) and an RT template. While the PBS
leads to targeted sequence hybridization, the RT uses the RT template to synthesize the new gene
information. The cell’s repair mechanism later corrects the mismatch between edited and non-edited
DNA strands. (C) HITI is intended to integrate foreign DNA within host DNA using the NHEJ
pathway. Both the target DNA and the donor template should contain sgRNA and PAM sequences
to undergo Cas9-mediated cutting. Upon Cas9-mediated DSB generation, the NHEJ leads to donor
insertion in forward or reverse directions. If forward direction occurs, the sgRNA and PAM sequences
are abolished, impeding Cas9 cutting. Conversely, if a donor template is inserted in the reverse
direction, the presence of the sgRNA and PAM sequences will lead to Cas9 cutting. Repair without
donor template insertion will induce additional Cas9-mediated cleavage. (D) The CRISPR-associated
transposases (CAST) system enables the insertion of a gene of interest (GOI) through the activity of
Tn7-like transposons. CAST requires the presence of an RNP comprised of Cas12k and a sgRNA to
recognize and bind the targeted DNA, along with a donor template flanked by transposon left (TL)
and right (TR) sequences. Cas12 brings the Tn7-like genes to the target site. Later, DNA recognition
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by the RNP complex leads to the formation of a transposase complex, which ultimately enables
the excision and insertion of the donor template, approximately 60 bp from the PAM sequence
(GTN), within the target DNA [9,59]. (E) Gene insertion can also be achieved through the use of
integrases/recombinases, which utilize the specific recombination sites attB and attP. In this approach,
the presence of the attP sequence in the target DNA is achieved through the use of PE. Consequently,
the presence of attB sites in the donor template later leads to the recombination of the GOI within the
targeted DNA, resulting in a knock-in without inducing DSBs [9,59]. This figure was created with
Biorender.com.

2.3.1. Base Editing

The base editors (BEs) are an alternative to the CRISPR/Cas system, based on the
fusion of a Cas9 enzyme carrying mutations in its catalytic domains, RuvC and HNH [60].
Those mutations maintain PAM recognition and DNA targeting while abolishing Cas9-
mediated DSB within the DNA. nCas9 is also suitable for base editing. Fused to Cas9,
a base-modifying enzyme such as cytosine or adenine deaminase enables the system to
convert cytosine to uracil and adenine to hypoxanthine (inosine), respectively [60,61].
While uracil is converted into thymine, hypoxanthine is converted into guanine during
DNA replication and repair. Primary described BEs can only catalyze nucleotide tran-
sitions, purine–purine (A–G), and pyrimidine–pyrimidine (C–T), which limits their use
for correcting transversions; nevertheless, new advances make correcting transversions
via glycosylase base editors and adenine transversion editors possible [60]. Recently, a
new generation of BEs has been developed, including Cas12a, which can mediate base
editing in mammalian cells [62]. Cas12a can process multiple sgRNAs from a single array
transcript [63], thus allowing multi-gene targeting. This could be an interesting alternative
when several mutations affect a gene or different genes are involved.

2.3.2. Prime Editing (PE)

PE is a CRISPR/Cas alternative that leads to insertions, deletions, and substitutions
without introducing DSBs in the DNA. PE relies on the nCas9-mediated nicking and activity
of the reverse transcriptase (RT) [64]. Contrary to the classical CRISPR/Cas9 system, the
sgRNA is a prime editing guide RNA (pegRNA). While the sgRNA is a single, short RNA
sequence, a pegRNA is a longer RNA containing a reverse-transcription template and a
primer binding site at the 3′ end [65]. The RT uses the template placed on the pegRNA
to synthesize new DNA, which will later be introduced into the cell’s DNA. Since its first
description, PE has undergone extensive modifications aimed at improving RT efficiency
(PE2, PE6, and PEmax), resolving mismatches (P3, P4, and P5), refining sizing, optimizing
codons (PEmax), and increasing pegRNA stability (PE7) [65–68]. Like BEs, PE has also
incorporated Cas12, enabling the system to target multiple genes in human cells [69].

2.3.3. Homology-Independent Targeted Integration (HITI)

HITI is a CRISPR/Cas9-based system that enables the knock-in of foreign DNA with-
out relying on HR, unlike the classical CRISPR/Cas9 system [70]. In HITI, the donor
template contains the desired insertion sequence, flanked by the sgRNA and PAM se-
quences, which are recognized by the Cas9 protein. Consequently, Cas9 will recognize
and cut both the targeted DNA and the donor template, enabling the NHEJ repair mecha-
nism [58]. Upon NHEJ repair, forward-inserted sequences will abolish the sgRNA/PAM
sequence, resulting in a permanent insertion [58,70]. In contrast, reverse orientation restores
the previous Cas9-mediated sgRNA/PAM cut sequences, allowing Cas9 to recut until a
forward orientation is achieved.
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3. CRISPR/Cas9: Ex Vivo Approaches in LSDs

The CRISPR/Cas9 system has been successfully evaluated in some LSDs using ex vivo
approaches, including MPS I, MPS IVA, Gaucher, Krabbe, and Fabby. Table 2 summarizes
the main findings for these ex vivo CRISPR/Cas9-based strategies.

Table 2. Ex vivo CRISPR/Cas9-based approaches in LSD models.

Model
CRISPR/Cas

System Tested
Cell Type Locus IE (%) OT (%) Eng. (%) Stemness Ref.

MPS I CRISPR/Cas9 iPSCs IDUA 2.7 NR NA Preserved [71]

MPS I CRISPR/Cas9 HSPCs CCR5 54 <0.5 21.5 Preserved [72]

MPS I CRISPR/Cas9 HSPCs CCR5 TBI:5.7
BU:20 NR * TBI:45

* BU:73 NR [20]

MPS IVA CRISPR/nCas9 HSPCs AAVS1 10 ND NA Preserved [73]

Gaucher CRISPR/Cas9 HSPC CCR5 29.9 NR 23.2 Preserved [74]

Gaucher CRISPR/Cas9 iPSCs GBA NR ND NA Preserved [75]

Krabbe CRISPR/Cas9 NSC IL2RG 2.8 <0.7 NA Preserved
[76]

Krabbe CRISPR/Cas9 NSC CCR5 2.4 NR NA NR

Fabry CRISPR/Cas9 iPSCs GLA NR NR NA Preserved [77]

Fabry CRISPR/Cas9 iPSCs GLA NR ND NA Preserved [78]
BM, bone marrow; BU, busulfan; Eng., engraftment in BM (CD45+); HSPCs, hematopoietic stem progenitor cells;
IE, insertion efficiency; iPSCs, induced pluripotent stem cells; NA, not applicable; ND, not detected; NR, not
reported; NSC, neural stem cells; OT, off-target; TBI, total body irradiation. * Median (min, max). Note: While
most of the cell models correspond to human-derived stem cells, results from the study [71] were derived from
mouse-derived stem cells.

3.1. Mucopolysaccharidosis (MPS) I

MPS I (OMIM 607014) is a multi-systemic LSD caused by an alpha-L-iduronidase
(IDUA; EC 3.2.1.76) deficiency that leads to lysosomal accumulation of dermatan sulfate
(DS) and heparan sulfate (HS) [79,80]. MPS I is a central nervous system (CNS)-affecting
LSD, also producing skeletal dysplasia along with cardiac and ocular manifestations [80].
Initial proof-of-concept studies using CRISPR/Cas9 and iPSCs were conducted by Miki
et al. (2019) [71]. In this study, mouse embryonic fibroblast-derived iPSCs were established
from an MPS I mouse model and edited with the CRISPR/Cas9 system to remove a NeoR

gene inserted into exon VI of the Idua gene. The authors successfully observed the recovery
of IDUA expression in CRISPR/Cas9-edited iPSCs, with no difference from WT iPSCs [71].
Although no significant changes were detected in Oct4, Nanog, and Sox2 genes in teratoma
formation assays using CRISPR/Cas9-edited iPSCs compared to WT iPSCs [71], the authors
discussed the potential tumorigenicity of the iPSCs and CRISPR/Cas9 off-targeting as
critical concerns before implementing this approach in clinical practice.

In 2019, Goméz-Ospina et al. demonstrated the suitability of an ex vivo CRISPR/Cas9-
based GT in an MPS I mouse model. By electroporating human CD34+ cells with a
CRISPR/Cas9 system targeting the human CCR5 locus, the authors successfully achieved
supraphysiological IDUA expression levels in human CD34+ cells without compromising
their stemness and in vivo engraftment properties [72]. Upon transplantation of edited
CD34+ cells into immunodeficient MPS I mice, a significant increase in the IDUA activ-
ity in serum, liver, spleen, and brain was observed. A consistent GAG reduction and
recovery of bone thickness of the zygomatic, skull, and femur were observed. Likewise,
CRISPR/Cas9-modified CD34+ cells decreased the isolectin B4 and glial fibrillary acidic
protein (GFAP) staining in mouse brains, suggesting that gliosis is ameliorated [72]. The
molecular validation of this CRISPR/Cas9 system revealed an indel occurrence rate of less
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than 0.5% across 62 predicted off-target sites, supporting the safety of the sgRNA used in
human CD34+ cells.

Sub-lethal irradiation and busulfan-mediated myeloablation are standard protocols for
conditioning before HSCT [15,20,81], and their effectiveness in enhancing the engraftment
of CRISPR/Cas9-modified human CD34+ cells was assessed by Poletto et al. (2022) in
MPS I mice. Interestingly, the authors reported that busulfan-mediated myeloablation
significantly improved the engraftment of CRISPR/Cas9-modified human CD34+ cells
in BM, long-term homing in BM-derived visceral cells [20], and the greater migration
of BM-derived cells in the brain compared to the irradiation protocol. Consistently, an
improvement in IDUA expression and GAG clearance was observed in busulfan-treated
mice compared to irradiation [20], highlighting the importance of preconditioning regimens
before transplantation of CRISPR/Cas9-modified human CD34+ cells.

3.2. Mucopolysaccharidosis (MPS) IVA

MPS IVA (OMIM 253000) is a systemic LSD caused by a deficiency of the N-
acetylgalactosamine-6-sulfatase (GALNS; EC 3.1.6.4) enzyme. GALNS leads to the lyso-
somal degradation of keratan sulfate (KS) and chondroitin 6-sulfate (C6S) [80,82]. MPS
IVA patients are characterized by skeletal dysplasia, cardiopulmonary, and ocular com-
plications [83]. Recently, Herreño-Pachón et al. (2025) reported, for the first time, the use
of a novel CRISPR/nCas9-based GT to modify human CD34+ cells [73]. In this study, the
authors designed paired sgRNAs targeting the human AAVS1 locus to knock in an expres-
sion cassette carrying the GALNS cDNA [73]. Upon electroporation of the CRISPR/nCas9
system into human CD34+ cells, the authors found that these cells retained their stemness,
including the ability to proliferate and differentiate [73]. Moreover, upon co-culture of
CRISPR/nCas9-modified CD34+ cells with human MPS IVA fibroblasts, a significant in-
crease in GALNS activity was observed in MPS IVA fibroblasts, suggesting that human
CD34+ cells-derived GALNS enzyme was successfully uptaken by human MPS IVA fi-
broblasts. Most importantly, the authors reported a significant decrease in lysosomal mass
and mono-KS, supporting the intracellular sorting of GALNS into the lysosome [73]. The
authors also found a recovery in global and mitochondrial-dependent oxidative stress.
This study also revealed a significant increase in mitochondrial mass and a pro-apoptotic
profile in untreated MPS IVA fibroblasts, which was efficiently restored to WT levels upon
co-culture with CRISPR/nCas9-modified CD34+ cells [73], paving the way for a novel ex
vivo CRISPR/nCas9-based GT.

3.3. Gaucher

Gaucher disease (GD) is an LSD that belongs to the sphingolipidoses and results from
the deficiency of β-glucocerebrosidase (GCase; EC 3.2.1.45). GCase degrades glucosyl-
ceramide (GlcCer) and glucosylsphingosine (GlcSph) within the lysosome [84,85]. GD
subtypes include nonneuronopathic (GD1; OMIM 230800), acute neuronopathic (GD2;
OMIM 230900), and chronic neuronopathic (GD3; OMIM 231000). GlcCer and GlcSph
accumulate primarily within mononuclear phagocyte cells, which are identified in the
BM, spleen, and liver as wrinkled, paper-like cells termed Gaucher cells [85]. An ex vivo
CRISPR/Cas9-based strategy was tested by Scharenberg et al. (2020) as a potential alterna-
tive for treating GD [74]. By targeting human CCR5, the authors successfully integrated an
expression cassette carrying GCase cDNA, driven by the lineage-specific CD68 promoter,
to restrict its expression to the monocyte/macrophage lineage [74]. The use of the spleen
focus-forming virus (SFFV) promoter to drive GCase expression in human CD34+ cells
induced toxic effects, underscoring the importance of careful promoter selection [74]. Upon
CRISPR/Cas9 GE, the human CD34+ cells could differentiate into CD14+/Cd11b+ cells,
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suggesting successful human monocyte/macrophage differentiation. CRISPR/Cas9-edited
CD34+ cells did not fail to differentiate into all hematopoietic lineages [74], supporting the
maintenance of stemness upon knock-in. Most importantly, transplantation into immun-
odeficient mice demonstrated higher engraftment and self-renewal capacity upon serial
transplantation [74], further supporting the preservation of stemness.

Given that GlcCer accumulation primarily occurs in the monocyte/macrophage lin-
eage, it is not surprising that monocyte/macrophage functions, such as migration, phagocy-
tosis, and activation, are impaired [86,87]. A recent study conducted by Ramalingam et al.
(2023) [75] investigated the feasibility of using the CRISPR/Cas9 system to correct the
L444P (1448T→C) mutation in GD2 iPSCs by targeting this mutation at the GBA gene.
iPSCs-derived macrophages resulted in GCase-expressing cells and the restoration of motil-
ity and phagocytosis of zymozan [75]. It has been observed that GD protects against
Mycobacterium tuberculosis infection [88]. Interestingly, the recovery of GCase expression
increased the susceptibility of iPSC-derived macrophages to M. tuberculosis infection [75],
revealing new considerations when attempting CRISPR/Cas9-mediated GE for GD.

3.4. Krabbe

Krabbe disease (OMIM 245200) is an LSD caused by a deficiency of galactocerebrosi-
dase (GALC; 3.2.1.46). This deficiency leads to the lysosomal accumulation of galactosylce-
ramide (GalCer) in Schwann and oligodendroglial cells, thereby affecting the central and
peripheral nervous systems [89]. Although CD34+ cells and iPSCs are the most common
sources tested for ex vivo CRISPR/Cas9-based GT, a study by Dever et al. (2019) [76]
showed the feasibility of neural stem cells (NSCs) as a potential alternative for treat-
ing Krabbe disease. In this study, three loci, IL2RG, HBB, and CCR5, were targeted via
CRISPR/Cas9 to insert an expression cassette carrying a functional copy of GALC in NSCs.
The highest HR was achieved when targeting IL2RG (~6%), while the lowest HR was
observed with CCR5 [76]. Upon subventricularly transplanting CRISPR/Cas9-edited NSCs
into immunodeficient neonatal mice, the authors noticed engraftment in the cortex and cor-
pus callosum, along with migration from the subventricular zone to the olfactory bulb and
the rostral migratory stream [76], suggesting that CRISPR/Cas9-edited NSCs preserve their
biological properties in vivo. Significantly, the co-culture of Krabbe fibroblasts and GALC-
expressing NSCs resulted in Krabbe fibroblasts’ mannose 6-phosphate-dependent GALC
uptake [76]. Although functional assessment of phenotype recovery in Krabbe fibroblasts
was not performed upon co-culture, the intracellular GALC increase is expected to exert a
therapeutic effect. Upcoming experiments in Krabbe animal models, such as the Twitcher
mouse model, are still to be conducted to validate this novel ex vivo CRISPR/Cas9-based
GT preclinically.

3.5. Fabry

Fabry disease (FD; OMIM 301500), an LSD caused by α-galactosidase A (GLA; EC
3.2.1.22) deficiency, is characterized by the accumulation of globotriaosylceramide (Gb3)
and Lyso-GB3 in the kidneys, heart, brain, and peripheral nervous system [90]. A recent
study published by Choi et al. (2023) [77] used the CRISPR/Cas9 system to correct the
mutation 1268fs*1 (c.803_806del) in FD iPSCs. While GLA enzyme activity was significantly
recovered upon GE, CRISPR/Cas9-edited iPSCs retained pluripotency-associated marker
expression, a normal karyotype, and displayed differentiation into three germ layers,
with no detectable off-target effects [77], thereby developing an ex vivo CRISPR/Cas9
proof-of-concept to correct the deletion of the GLA gene. Similar outcomes were recently
reported by Karl-Schöller et al. (2025) in FD iPSCs for the mutation c.1069C>T in the
GLA gene [78]. While the CRISPR/Cas9 system led to the restoration of the WT sequence,

182



Cells 2025, 14, 1147

the authors also observed the clearance of Gb3 deposits, along with the preservation of
pluripotency markers, further supporting the therapeutic effect of the CRISPR/Cas9 for
FD. The transplantation of these CRISPR/Cas9-edited iPSCs in animal models of Fabry
disease still needs to be carried out to test their therapeutic efficacy in vivo.

4. Beyond Cas9 Enzymes and HR: An Overview in Non-LSD Models

Most ex vivo CRISPR/Cas-based GT approaches in LSDs utilize Cas9 and HR as the
primary molecular mechanisms to knock in expression cassettes at safe harbors, thereby ex-
pressing the missing lysosomal enzyme and mediating cross-correction. Nevertheless, some
non-LSD studies have demonstrated the feasibility of Cas proteins beyond Cas9, achieving
transgene expression and/or do not depend on DBS/HR. This section describes recent
non-LSD studies evaluating non-Cas9 proteins and non-classical HR-based knock-in ap-
proaches in ex vivo CRISPR/Cas-based alternatives. Table 3 compiles ex vivo CRISPR/Cas
approaches in non-LSD models.

Table 3. Ex vivo CRISPR/Cas-based approaches in non-LSDs.

Model
CRISPR/Cas

System Tested
Cell Type Locus IE (%) OT (%) Eng. (%) Stemness Ref.

CAR-T
CRISPR/wtCas12

T cells TCR
30

NR NA NA [91]
CRISPR/cCas12 52.7

CAR-T CRISPR/MAD7 T cells
AAVS1 85

ND NA NA [92]
* AAVS1 30

SCD ABE HSPCs HBB 80 <2 70 Preserved [93]

SCD PE3max HSPCs HBB 41 <1 97 Preserved [94]

X-SCID HITI HSPCs IL2RG 18.7 ND 13.2 Preserved [95]

LAD-1 HITI HSPCs ITGB2 12 ND 21 Preserved [96]
ABE, adenine base editing; Eng., engraftment in BM (CD45+); HITI, homology-independent targeted integration;
HSPCs; hematopoietic stem progenitor cells; IE, insertion efficiency; LAD-1, leukocyte adhesion deficiency type 1;
NA, not applicable; ND, not detected; NR, not reported; OT, off-target; PE3max, prime editing; SCD, sickle
cell disease; X-SCID, X-linked severe combined immunodeficiency. * AAVS1 + multi-gene targeting at AAVS1
and CTLA4, PDCD1, TIGIT, CD247, PTPN6, or PTPN11. Note: While most of the cell models correspond to
human-derived stem cells, results from the study [95] were derived from mouse-derived stem cells.

4.1. CAR-T Cells: Implementing Cas12a

Chimeric antigen receptor (CAR)-T cell therapy is an innovative ex vivo treatment
option for cancer, particularly hematological malignancies [97]. Patients’ T cells are iso-
lated via leukapheresis and engineered with a CAR construct to express synthetic recep-
tors on the surface of the T cell. These receptors will recognize and suppress specific
malignancy-antigen-expressing tumor cells [98,99]. Even though the Food and Drug
Administration (FDA) has recently approved several CAR-T-cell alternatives for B-cell
lymphoma, B-cell acute lymphoblastic leukemia (B-ALL), mantle cell lymphoma, and
follicular lymphoma [100], cytokine release syndrome (CRS) and immune effector-cell
associated neurotoxicity syndrome (ICANS) are significant concerns that still need to be
addressed [101]. To overcome this, some studies have utilized the CRISPR/Cas system to
edit CAR-T cells, aiming to enhance their function, develop universal CAR-T cells, and
improve their safety.

Early studies by Ling et al. (2021) [91] demonstrated the efficiency of the CRISPR/Cas12a
system in enhancing the knock-in of an anti-CD19-containing expression cassette at the
endogenous T-cell receptor (TCR) locus in primary T cells. While wtCas12 showed about
30% knock-in efficiency, a Cas12 covalently conjugated to the 5′ terminus of crRNA (cCas12)
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enhanced the knock-in efficiency up to 52.7% [91], suggesting that this chemical modifica-
tion increases the Cas12 stability. Major concerns in CAR-T cell preparations arise from
patients’ poor quality and quantity of T cells [102]; thus, creating universal CAR-T cells
is now a promising research field. As Cas12 enables multi-gene targeting, the study con-
ducted by Ling et al. (2021) [91] also evaluated the simultaneous CRISPR/Cas12-mediated
knock-out of TCR, β2 microglobulin (β2M), PD1, and CTLA4, along with the anti-CD19-
containing expression cassette knock-in. Interestingly, cCas12 showed up to 7.4-fold GE
four-gene knock-out efficacy improvement compared to wtCas12, while cCas12 led to
37% GE anti-CD19-containing expression cassette knock-in, which was higher than that
observed with wtCas12 (28%) [91]. These interesting results show the potential of ex vivo
CRISPR/Cas12-mediated multi-gene targeting.

The AAVS1 locus is a well-known safe harbor for inserting large expression cas-
settes [103]. We have extensively tested the AAVS1 locus in several LSDs using human
fibroblasts [104–106], and we recently evaluated its feasibility for inserting a GALNS-
containing expression cassette in CD34+ cells [73]. In a study by Mohr et al. (2023) [92],
the AAVS1 locus was used for inserting a GFP-containing expression cassette under the
control of the promoters JET (195 bp), PGK (511 bp), EF-1α (1195 bp), and CAG (1723 bp),
which differ in size, using the CRISPR/MAD7 system in Jurkat cells. MAD7 is a modified
Cas12 released by Inscripta in 2017 that requires a crRNA and identifies AT-rich genome
regions, resulting in staggered DNA cutting [107]. In this study, the authors reported up to
30% CRISPR/MAD7-mediated GE HR efficiency, regardless of the promoter evaluated [92],
suggesting that insert size did not influence knock-in efficiency. Later experiments as-
sessed the insertion of a CAR expression cassette at the AAVS1 locus in primary T cells
using CRISPR/MAD7-mediated GE [92]. Although a high GE efficiency of up to 85%
was observed in primary T cells at 13 days after GE, it was dramatically reduced (~30%)
upon CRISPR/MAD7-mediated multi-gene knock-out targeting of CTLA4, PDCD1, TIGIT,
CD247, PTPN6, or PTPN11 [92], which are common targets for enhancing and invigorating
CAR-T cells [108].

4.2. Hematological Disorders: Base and Prime Editing

Ex vivo BE and PE have been tested in several hematological disorders to modify
hematopoietic stem progenitor cells (HSPCs), which can differentiate into all hemato-
logical progenitors and virtually reach any tissue in the body. The first FDA-approved
CRISPR/Cas9-based GT (Casgevy) was developed for sickle cell disease (SCD) and was
approved in December 2023 [109]. Casgevy is a GT based on disrupting the BCL11A gene
via Cas9-mediated DSB, which ultimately favors the expression of γ-globin to compensate
for the absence of functional β-globin affected by mutations on the HBB gene [110].

An ABE was evaluated by Newby et al. (2021) [93] to correct a point mutation in
the β-globin gene (HBB) in HSPCs from patients with SCD. The ex vivo delivery of an
mRNA ABE resulted in the 80% conversion of the pathogenic HBBS (CAC) into a non-
pathogenic HBBG (CGC) known as Makassar. HSCT in immunodeficient mice achieved up
to 68% HBBG as well as a 5-fold decrease in BM reticulocytes following hypoxia-induced
sickling [93]. Moreover, Makassar globin represented up to 79% of β-globin after 16 weeks
post-transplantation into humanized mice. Transplanted mice also exhibited normalization
of hematological parameters and a reduction in splenomegaly compared to untreated
mice [93]. Contrary to what was observed with some ex vivo CRISPR/Cas9 GTs [111],
ABE did not activate p53 or large deletions in BE HSPCs [93]. Similar findings have been
achieved in β-thalassemia patient-derived HSPCs [112], with a new generation of ABEs
termed ABE8e [113]. Importantly, using mRNA to deliver ABEs leads to higher off-target
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effects than the ribonucleoprotein complex delivery [112], which is commonly associated
with the persistence of the BE within the cell.

Although studies such as those conducted by Newby et al. (2021) reported using BE
to modify HBBS to HBBG [93], the transversion causing HBBS (A>T) cannot be directly
reverted through BE [60]. Instead, PE is suitable for modifying this type of mutation [66],
overcoming the limitations of BE. In 2023, Everette et al. [94] showed the correction of HBBS

(A>T) to WT HBBA with a frequency of up to 41% in HSPCs from patients with SCD when
using PE3max. Interestingly, HBBA was found in ~42% of erythroblasts and reticulocytes
at 17 weeks post-transplantation, while HSPC-derived erythrocytes resulted in 28–43%
normal hemoglobin [94]. Although PE leads to the recovery of the transversion causing
HBBS to WT HBBA, the GE efficiency observed by Everette et al. (2023) [94] was significantly
lower (43%) than that reported by Newby et al. (2021) [93] for BE (79%) when modifying
HBBS by HBBG. Regardless of the efficacy, both BE and PE offer novel alternatives to modify
any mutation with lower risks than the classical CRISPR/Cas9 system.

4.3. HITI: Advancing in Proof-of-Concept Assays

Current ex vivo HITI-based GE using ex vivo assays has tested the efficacy of the HITI
system for inserting genes at specific genomic regions. In 2021, Bloomer et al. [96] evaluated
the insertion of GFP at the first non-coding exon of the ITGB2 gene. Mutations within the
ITGB2 gene, which encodes for the β2 integrin subunit CD18, produce leukocyte adhesion
deficiency type 1 (LAD-1), an inherited immunodeficiency. In this study, the authors
found that while 63% of insertions occurred in a forward direction, approximately 11% of
bulk CD34+ cells exhibited GFP positivity from day 14 to 28 post GE, suggesting stable
gene integration [96]. No significant changes in differentiation potential from HITI-edited
CD34+ were noticed when compared with untreated CD34+ cells. Most interestingly, the
transplantation of HITI-edited CD34+ cells in immunodeficient mice resulted in up to 21%
of GPF-positive CD45+ cells, supporting the engraftment of HITI-edited CD34+ cells [96].
The therapeutic effect of HITI-edited CD34+ cells on LAD-1 still needs to be addressed.

Similar outcomes were reported by Byambaa et al. (2021) when using the HITI system
to insert an Il2rg exon 2–8 cDNA-containing cassette into the intron 1 of the Il2rg gene in
mouse HSCs [95]. Disruption of the Il2rg gene produces X-linked severe combined immun-
odeficiency (X-SCID) [114]. Up to 18.7% of knock-in efficacy and stemness preservation
were reported upon HITI treatment. When transplanting HITI-edited mouse HSCs in an
X-SCID mouse model, 3 out of 13 recipients showed an increase in white blood counts
and T- and B-cell development after 8 weeks post transplantation compared to untreated
mice [95]. In those three mice, CD45+ CD3+ T cells resulted in the expression of IL2rg
in peripheral blood, BM, and thymus, supporting the therapeutic effect of the ex vivo
HITI-based CRISPR/Cas9 system [95].

5. Conclusions and Future Perspectives

Undoubtedly, the CRISPR/Cas systems have opened novel alternatives for treating
genetic diseases, including LSDs. While it is clear that CRISPR/Cas9 is the most common
approach used in ex vivo strategies, implementing non-Cas9 proteins could become an
innovative alternative. The CAR-T technology has demonstrated that higher GE efficiencies
can be achieved with Cas12a than with Cas9 at several safe harbors, including the AAVS1
locus. The AAVS1 locus has been evaluated in several LSDs, and recently, we tested it for
editing CD34+ cells using a CRISPR/nCas9-based GT approach for treating MPS IVA [73].
Further experiments comparing the efficacy of the Cas12a, wtCas9, and nCas9 should be
performed to establish the higher GE strategy. Most interestingly, Cas12a can mediate
multi-gene targeting, offering a new avenue for attempting gene insertion at multiple
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loci simultaneously (i.e., CCR5, AAS1, Album intron 1, etc.), which could lead to higher
lysosomal enzyme expression than that observed when targeting a single locus.

On the other hand, given that Cas9-mediated DSB can induce unwanted DNA cut-
ting, implementing DSB-free strategies such as PE could offer a promising alternative to
correct mutations in LSDs, as PE can correct both transitions and transversions. Indeed, an
advanced PE variant, PE3max, has shown comparable outcomes for stemness preservation
and genome editing efficiency to those observed with CRISPR/Cas9 in HSPCs [94], making
it feasible to substitute the classical CRISPR/Cas9 system. Notably, it is essential to high-
light that hundreds of mutations can affect genes involved in lysosomal function, limiting
the universal use of a single PE-based GT. Nonetheless, some mutations are commonly
expressed, thus enabling the use of PE to treat frequent mutations.

Finally, because primary CD34+ HSPCs can undergo quiescent phenotypes in which
NHEJ is the primary DSB repair mechanism [96,115], the HITI system could offer a new av-
enue for editing HSPCs. This premise has been tested in some proof-of-concept experiments;
therefore, upcoming preclinical studies are necessary to establish the real therapeutic effect
of an ex vivo HITI-based GT for treating LSDs. Likewise, HITI relies on Cas9-mediated
DSB, raising concerns about its potential off-target effect. Consequently, low off-target
scoring sgRNA and high-fidelity Cas9 enzymes should always be attempted, along with
rigorous next-generation sequencing, to validate the absence of unwanted Cas9 cutting
while preserving the higher efficiency of HITI in quiescent primary cells.
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Abstract: Diamond–Blackfan anemia (DBA) is a rare genetic disorder affecting the bone marrow’s
ability to produce red blood cells, leading to severe anemia and various physical abnormalities.
Approximately 75% of DBA cases involve heterozygous mutations in ribosomal protein (RP) genes,
classifying it as a ribosomopathy, with RPS19 being the most frequently mutated gene. Non-RP
mutations, such as in GATA1, have also been identified. Current treatments include glucocorticos-
teroids, blood transfusions, and hematopoietic stem cell transplantation (HSCT), with HSCT being
the only curative option, albeit with challenges like donor availability and immunological complica-
tions. Gene therapy, particularly using lentiviral vectors and CRISPR/Cas9 technology, emerges as
a promising alternative. This review explores the potential of gene therapy, focusing on lentiviral
vectors and CRISPR/Cas9 technology in combination with non-integrating lentiviral vectors, as a
curative solution for DBA. It highlights the transformative advancements in the treatment landscape
of DBA, offering hope for individuals affected by this condition.

Keywords: Diamond–Blackfan anemia; ribosomopathy; ribosomal protein genes; rare genetic disorder;
hematopoietic stem cell transplantation; gene therapy; lentiviral vector; non-integrating lentiviral vector;
CRISPR/Cas9

1. Introduction

Diamond–Blackfan anemia (DBA) is a rare inherited bone marrow failure syndrome
(IBMFS) characterized by erythroid hypoplasia, primarily affecting infants [1]. This con-
dition, estimated to occur in 5–7 cases per million live births [1], is considered one of the
emerging group of disorders known as ribosomopathies [2], which arise from defects in
ribosome biogenesis and function. Approximately 75% of DBA cases involve heterozygous
mutations in ribosomal protein (RP) genes [1]. In fact, the initial discovery of genetic
mutations in DBA was attributed to mutations in the RPS19 gene, which encodes one of
the proteins in the 40S small ribosomal subunit [3]. Among the 81 RP-encoding genes,
mutations have been identified in 19 of them, with RPS19 (25%), RPL5 (7%), RPS26 (6.6%),
and RPL11 (5%) being the most frequently mutated in DBA [2]. Recent advancements have
identified mutations in GATA1, a key erythroid transcription factor, as the first non-RP
mutations in DBA patients. This discovery followed the identification of other non-RP gene
mutations in the RPS26 chaperone protein TSR2 [3].

The current therapeutic strategies for DBA include glucocorticosteroids (GC), blood
transfusions, and hematopoietic stem cell transplantation (HSCT), each with its own set of
limitations. Glucocorticosteroids, despite being commonly used, may lose effectiveness
over time, particularly in patients who become non-responsive to long-term treatment.
Moreover, long-term or high-dose therapies with GCs can lead to a range of adverse effects,
including osteoporosis, skin atrophy, diabetes, abdominal obesity, glaucoma, cataracts,
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avascular necrosis and infection, growth retardation, and hypertension [4]. Blood trans-
fusions serve as a vital supportive measure to alleviate symptoms and manage anemia
in DBA patients, but it is important to notice that there is a toxicity associated with iron
overload [5]. HSCT is the only curative treatment for DBA and although it can be an option
for patients with steroid resistance and transfusion dependency, it presents challenges as
finding suitable donors and the risk of immunological complications [6]. Amidst these
challenges, gene therapy emerges as a promising tool for treating DBA.

Gene therapy holds significant importance in the treatment of DBA due to the limita-
tions of current therapies. Recent advances in gene therapy, particularly the use of lentiviral
vectors, show promise for treating DBA. These therapies aim to correct the genetic defects
causing DBA by introducing functional copies of the mutated genes into the patient’s
cells. As research in this field progresses, there is growing potential for gene therapy to
correct the underlying genetic mutations associated with DBA, using techniques such as
the CRISPR/Cas9 editing tool [1,3].

In this review, we aim to explore the potential of gene therapy based on CRISPR/Cas9
technology, particularly in combination with non-integrating lentiviral vectors, as a curative
solution for DBA. We will delve into how these innovative approaches hold the key to
restoring normal hematopoiesis, thereby offering transformative advancements in the
treatment landscape of DBA. Continued research and refinement of gene therapy strategies
can unlock this potential and dive into a new era of hope for individuals affected by DBA.

2. Clinical Presentation of DBA and Diagnosis

In individuals with DBA, the hematological profile typically shows macrocytic or
occasionally normocytic anemia along with reticulocytopenia. Patients usually present
normal neutrophil and platelet counts, and the bone marrow appears normal in terms of
cellularity but has a deficiency in erythroid precursors [7]. Symptoms of DBA often surface
in infancy, with 95% of cases being diagnosed before 2 years of age and 99% before 5 years
of age. These symptoms include anemia-related signs such as pallor, fatigue, and feeding
difficulties [8]. Although DBA is primarily a hematological disorder, patients also exhibit
a spectrum of physical abnormalities. Common features among DBA patients include
delayed growth, short stature, and a distinct facial appearance known as Cathie facies,
which is characterized by a cute snub nose and wide-spaced eyes. Triphalangeal thumbs,
a condition known as Aase syndrome, are also common, and are often accompanied by
craniofacial malformations, cleft palate, cardiac defects, and urogenital malformations
(Figure 1) [7,9]. DBA patients also face an elevated risk of developing various cancers,
including hematological malignancies and solid tumors, such as colon carcinoma and
osteosarcomas [1].

 

Figure 1. Clinical manifestations of DBA. Created with BioRender.com (accessed on 18 April 2024).

In addition to the classic hematological profile of DBA patients, a significant number of
non-classic cases have been identified, requiring alternative diagnostic approaches beyond
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traditional methods, such as complete blood count, reticulocyte count, and bone marrow
aspiration and biopsy. Diagnosis typically involves assessing fetal hemoglobin (HbF) levels
and erythrocyte adenosine deaminase (eADA) activity, as these are considered biomarkers
of DBA [7,10]. When clinical suspicion arises, mutation analysis for known DBA genes is
conducted to confirm the diagnosis [7]. These diagnostic strategies allow for comprehensive
evaluation and accurate identification of DBA, facilitating appropriate management and
care for affected individuals.

3. Molecular Mechanism of DBA

The intricate molecular pathways underlying DBA remain incompletely elucidated,
motivating ongoing scientific efforts to unravel the relationship between mutations, mostly
in RP genes, and the resultant anomalies in ribosome assembly and biogenesis, ultimately
culminating in impaired erythropoiesis.

Research has shed light on one aspect of this complexity, revealing that haploinsuf-
ficiency in certain RP genes leads to the stabilization of p53, leading to cell cycle arrest
and apoptosis (Figure 2a) [1]. Remarkably, studies using zebrafish and patient samples
have shown that mutations in RP genes are related to the activation of p53 and target
genes [11–13]. Additionally, unbalanced globin/heme synthesis emerges as another critical
aspect of DBA pathogenesis. Reports indicate that primary DBA cells exhibit imbalanced
globin and heme synthesis, resulting in the accumulation of reactive oxygen species (ROS)
within early erythroid precursors. This accumulation significantly contributes to the im-
pairment of erythropoiesis (Figure 2b) [14]. Translational dysfunction also emerges as a
key player in DBA pathology (Figure 2c). This occurs when ribosomal stress, induced by
mutations in RP genes, leads to issues in protein synthesis. It is possible that ribosome
dysfunction can affect mRNA production and that certain specific cells or tissues may be
more vulnerable to ribosome dysfunction [15]. Notably, in patients with RP mutations,
the mRNA for GATA1, a master hematopoietic transcription factor, is poorly translated,
further exacerbating the impaired erythroid defect characteristic of DBA, which might be
due to the fact that this mRNA has a higher threshold for initiation in comparison to other
mRNAs [16]. Moreover, emerging evidence suggests that inflammatory signaling pathways
may also contribute to the pathology of DBA [17] as Iskander et al. found elevated levels
of IFN-γ and TNF-α in bone marrow plasma, known instigators of stress erythropoiesis
(Figure 2d).

            (a)                         (b)                           (c)                          (d) 

Figure 2. Molecular mechanism of DBA. (a) RP mutations lead to activation of p53, cell cycle arrest,
and apoptosis; (b) Unbalanced globin/heme synthesis leads to accumulation of ROS in erythroid
precursors; (c) Translation dysfunction caused by RP mutations; (d) Abnormal inflammatory signaling
caused by RP mutations. Created with BioRender.com (accessed on 22 May 2024).
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In conclusion, the multifaceted nature DBA presents a complex puzzle for researchers.
The intricate interplay between mutations in RP genes, disruptions in ribosome assem-
bly, and subsequent impairment of erythropoiesis underscores the need for continued
investigation.

4. Existing Treatment Options for DBA

The primary therapeutic options for anemia in DBA are the use of glucocorticosteroids,
red blood cell transfusions, and hematopoietic stem cell transplantation (HSCT) (Figure 3).
Vlachos and Muir et al. provide a comprehensive guide on how to treat DBA [7]. However,
in this review we will emphasize mostly the limitations of these treatments and why it is
necessary to develop gene therapy.

Figure 3. Existing treatment options for DBA patients. Created with BioRender.com (accessed on 18
April 2024).

Glucocorticosteroids (GCs) serve as the primary treatment for DBA, yet their precise
mechanism of action in DBA remains unclear [1]. They seem to exert a non-specific
anti-apoptotic effect on erythroid progenitor cells [5,18]. Initially, approximately 80% of
patients show a positive response to steroid therapy. However, approximately half of
these individuals discontinue treatment due to either a loss of response or severe side
effects [1,19]. These adverse effects may include growth retardation, increased risk of
heart disease, osteoporosis, and severe infections [1]. Only approximately 20% of patients
are able to fully discontinue steroid treatment without experiencing a relapse of anemia,
achieving a state referred to as “remission” [6]. Given the profound impact of GCs on
growth, physical, and neurocognitive development, the initiation of steroid administration
in infants is carefully delayed, if feasible, and is maintained with chronic transfusion
therapy until the child reaches one year of age [7]. For patients who do not respond to
corticosteroids, blood transfusions are administered as an alternative treatment. However, a
significant drawback of this approach is the potential toxicity associated with iron overload.
Consequently, patients require intensive chelation therapy to mitigate the risks posed by
excessive iron accumulation [1,5].

HSCT stands as the sole curative option for DBA typically recommended when resis-
tance to corticosteroid therapy and dependence on transfusions occur [1,7]. HLA-matched
sibling HSCT has demonstrated significant success rates, particularly in patients younger
than 9 years old. However, each potential sibling donor undergoes thorough screening for
DBA mutations, even in the absence of hematological or physical DBA manifestations [7].
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Despite the efficacy of this approach, the availability of HLA-matched donors is not al-
ways guaranteed. HSCT carries several drawbacks, including the risk of graft-versus-host
disease (GvHD), adverse effects stemming from preconditioning, the possibility of un-
detected mutations in silent carriers, and the necessity for immunosuppressive therapy
post-transplantation [1,5,19].

5. Gene Therapy for DBA—From Research Now to Clinic in the Future

Utilizing autologous HSCT with genetically modified hematopoietic stem and pro-
genitor cells (HSPCs) presents a potential solution to address the limitations associated
with allogeneic HSCT. This innovative approach could circumvent challenges such as the
scarcity of suitable donors, the risk of GvHD, the potential for graft rejection, and the
possibility of donors being silent carriers of DBA mutations.

5.1. Lentiviral Vectors as a Potential Gene Therapy Approach for DBA

RP-mutations are the primary cause of DBA. Consequently, gene therapy aimed at
enabling the expression of the functional RP gene represents a potential solution for DBA
patients. Lentiviral vectors (LVs) have emerged as effective delivery tools for hematopoietic
stem and progenitor cells (HSPCs) [20]. When pseudotyped with the vesicular stomatitis
virus G protein (VSV-G), LVs demonstrate their versatility by transducing a wide array
of cells [21]. Their large genetic capacity (up to 10 kb) and the ability to transduce both
dividing and non-dividing cells make them exceptional tools for gene therapy [22]. Tradi-
tional LVs integrate the viral genome into the host’s genome, ensuring stable expression
of the gene of interest [22]. The general strategy involves developing lentiviral vectors
that encode the various functional RP genes mutated in DBA patients. The effectiveness
of any LV-based gene therapy hinges on the successful high-level transduction of patient
HSPCs that are capable of long-term hematopoietic repopulation [23]. Upon integration
into the patients’ HSPCs, these cells would begin producing functional ribosomal proteins,
facilitating normal erythropoiesis. However, LVs also carry oncogenic potential, as inte-
gration can occur at multiple sites, potentially leading to the disruption of normal gene
function, activation of oncogenes or inactivation of tumor suppressor genes [24]. Notably,
there have been several adverse events observed in clinical trials attributed to insertional
mutagenesis, wherein the integration of the vector may disrupt normal genomic function
or even activate oncogenes, potentially leading to adverse outcomes [24,25].

The RPS19 gene stands out as the most frequently mutated gene among individuals
diagnosed with DBA, affecting approximately 25% of patients [26]. Consequently, research
in this field has been directed towards elucidating methods to restore the protein encoded
by this gene, aiming to reverse the hematological abnormalities associated with DBA. In
a pivotal study conducted by Hamaguchi et al., the potential of gene transfer techniques
to address RPS19-related pathology was demonstrated [27]. Specifically, the researchers
utilized lentiviral vectors to introduce the RPS19 gene into hematopoietic progenitors from
RPS19-deficient DBA patients. Remarkably, this intervention resulted in notable improve-
ments in CD34+ cell proliferation, as well as in erythroid development. Further supporting
the feasibility of gene transfer as a therapeutic strategy for DBA, additional studies have
corroborated these findings. For instance, Jaako et al. used transgenic mice containing a
RPS19-targeting shRNA under a doxycycline-responsive promoter for lentiviral-based gene
therapy. They transduced uninduced BM cells from heterozygous (D/+) and homozygous
(D/D) RPS19-targeting shRNA DBA mice with lentivirus containing RPS19 cDNA and
transduced cells were transplanted into wild type mice. Following engraftment, the mice
were administered doxycycline to downregulate the endogenous RPS19 and induce the
disease. They concluded that enforced expression of RPS19 cures anemia and prevents
fatal bone marrow failure in RPS19-deficient mice. Additionally, they observed that cells
corrected with the RPS19 gene displayed sustained improvement in pan-hematopoietic
function over time, contrasting with untreated cells, and showed no adverse effects at-
tributable to the gene transfer process [28]. Following this study, Debnath et al. engineered
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lentiviral vectors capable of expressing the RPS19 gene under the control of the human
elongation factor 1α short (EFS) promoter, a clinically relevant promoter [29]. To evaluate
the efficacy of this vector, they transfected c-Kit-enriched BM cells from both control and
heterozygous RPS19 shRNA mice in the presence of doxycycline, and subsequently injected
these cells into lethally irradiated wild type mice. Their results revealed that recipients
transduced with EFS-RPS19 shRNA BM exhibited near normal blood cellularity, indicating
that enforced expression of RPS19 driven by the EFS promoter can effectively treat severe
anemia and bone marrow failure in RPS19-deficient mice. However, it is worth noting that
this model does not mimic the haploinsufficiency seen in DBA patients, which is caused by
mutations in the RPS19 gene. More recently, this group designed a clinically applicable
self-inactivating (SIN) lentiviral vector containing the human RPS19 driven by the human
EFS promoter for the clinical development of gene therapy for RPS19-deficient DBA pa-
tients. Their study showcased that this vector effectively rescues the anemia and lethal BM
failure phenotype observed in the mouse models of RPS19-deficient DBA, with low risk of
mutagenesis and a highly polyclonal insertion site pattern. Additionally, they observed the
restauration of impaired erythroid differentiation in human RPS19-deficient CD34+ cord
blood cells treated with this vector, underscoring its potential for clinical translation and
therapeutic benefit in DBA patients [30].

Furthermore, the exploration of using lentiviral vectors to express GATA1 for the
promotion of red blood cell production is under investigation. This approach offers sig-
nificant advantages, particularly in targeting the majority of DBA mutations rather than a
specific one. In vitro studies have shown that overexpression of GATA1 in hematopoietic
stem and progenitor cells (HSPCs) from DBA patients can rescue erythroid differentiation
defects [1,31]. While gene therapy presents an attractive strategy for curing DBA, the
traditional approach of overexpressing a functional copy of a mutated gene is not the most
efficient. This is because it would necessitate the development and validation of numerous
gene therapy vectors, each containing a copy of one of the mutated DBA genes. Instead,
a unified gene therapy strategy is being proposed, which involves the developmentally
regulated and highly restricted expression of GATA1. This strategy is anticipated to be
curative for most, if not all, DBA patients, regardless of the specific mutation causing the
disease [31].

While extensive research has been conducted on the utilization of LVs for gene therapy in
DBA, these efforts have not yet been translated into clinical trials. Nevertheless, the successful
implementation of LVs in gene therapy for various genetic blood disorders, including sickle
cell disease (SCD), β-thalassemia, and Fanconi anemia (FA), underscores the potential of
LV-based gene therapy as a promising avenue for treating DBA effectively (Table 1).

Table 1. An overview of clinical trials utilizing LVs for gene therapy of genetic blood disorders.

Disease Clinical Trial ID Intervention/Treatment Ref.

Sickle Cell
Disease (SCD)

NCT02186418 CD34+ cells transduced with gamma-globin lentiviral vector. [32]

NCT03282656
Single infusion of autologous bone marrow derived CD34+
HSC cells transduced with the lentiviral vector containing a

short-hairpin RNA targeting BCL11a.
[33]

NCT05353647
Autologous transplantation of CD34+ HSC cells transduced

with the lentiviral vector containing a shRNA targeting
BCL11a.

[34]

NCT02247843
Autologous transplantation of peripheral blood CD34+ cells
transduced ex vivo by the Lenti/G-βAS3-FB lentiviral vector

to express an anti-sickling (βAS3) gene.
[35]

NCT03964792

Transplantation of an autologous CD34+ enriched cell
fraction that contains CD34+ cells transduced ex vivo with the

GLOBE1 lentiviral vector expressing the βAS3 globin gene
(GLOBE1 βAS3 modified autologous CD34+ cells).

[36]
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Table 1. Cont.

Disease Clinical Trial ID Intervention/Treatment Ref.

SCD and
β-Thalassemia

NCT02151526
Administration of LentiGlobin BB305 drug product to

participants with either transfusion dependent β-thalassemia
(TDT) or sickle cell disease (SCD).

[37]

β-Thalassemia

NCT03276455 Autologous transplantation of HSCs transduced with
lentiviral vector encoding for beta-globin gene. [38]

NCT02453477
Autologous transplantation of HSCs genetically modified

with GLOBE lentiviral vector encoding for the human
beta-globin gene.

[39]

NCT06219239 Autologous transplantation of HSCs transduced with
lentiviral vector encoding βA-T87Q-globin gene. [40]

NCT05745532 Autologous transplantation of HSCs transduced with
LentiHBBT87Q system to restore β-globin expression. [41]

NCT06280378 Autologous transplantation of CD34+ stem cells transduced
ex vivo with a lentiviral vector encoding βA-T87Q-globin. [42]

NCT01639690
Autologous transplantation of CD34+ cells transduced with

TNS9.3.55 lentiviral vector encoding the normal human
ß-globin gene.

[43]

NCT05762510 Autologous transplantation of CD34+ HSCs transduced with
LentiRed lentiviral vector. [44]

NCT05757245
Autologous HSCT using GMCN-508A drug product

(autologous CD34+ HSCs transduced with GMCN-508A
lentiviral vector encoding the human α-globin gene).

[45]

NCT05015920 Transplantation of autologous CD34+ stem cells transduced
with a lentiviral vector encoding βA-T87Q-globin. [46]

Fanconi
Anemia (FA)

NCT01331018
Transplantation of autologous patient blood stem cells that
have been corrected in the laboratory by introduction of the

normal FANCA gene.
[47]

NCT04437771 Transplantation of autologous CD34+ cells transduced with
lentiviral vector carrying the FANCA gene. [48]

5.2. CRISPR/Cas9 Non-Integrating Lentiviral-Based Gene Therapy

Another strategy relies on non-integrating lentiviruses (NILVs) offering two primary
methodologies for generating non-integrating lentiviral vectors: (i) introducing mutations
in the viral integrase protein, and (ii) inhibiting the recognition of viral DNA by this enzyme
through mutations in the sites [49,50]. Gurumoorthy et al. summarize the point mutations
that have been used to develop NILVs [50]. By employing NILVs, the viral genome can
persist in the host cell as an episome, rather than integrating into the host genomic DNA [51].
This mechanism creates an opportunity for the application of CRISPR/Cas9 technologies.
Once the desired DNA editing event occurs, the Cas9 protein and the guide RNA (gRNA)
are no longer required for ongoing transgene expression. Therefore, they can be removed
from the cell, minimizing the risk of off-target effects and undesirable side effects associated
with their continued presence [49]. The difference between the traditional integrating LVs
and NILVs is highlighted in Table 2.
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Table 2. Main characteristics, applications, and limitations of integrating LVs and NILVs.

Aspect Integrating Lentiviral Vectors (ILVs) Non-Integrating Lentiviral Vectors (NILVs)

Integration
Integrates the transgene into the host

genome [22,50]

Does not integrate the transgene into the host genome [52]
Expresses the transgene from episomal DNA in

non-dividing cells or transiently in dividing cells [49]

Expression
Stable integration of the transgene into

the host genome [49,50]
Enables transient expression or sustained episomal

expression [50]

Safety
Higher risk of insertional mutagenesis

and malignant transformation [50]
Reduced risk of insertional mutagenesis and malignant

transformation [50]

Applications

Gene therapy for long-term gene
expression [50,52]

Recombinant protein production [50]
Vaccination [50]

Cell imaging [50]

Gene therapy for mutation correction [50,52]
Cytotoxic cancer therapies [49,50]

Cellular differentiation [49]
Vaccination [49,52]

Immunotherapies [49,50]

Limitations
Insertional mutagenesis [24]

Oncogenic potential [24]
Residual integration risks [50]

Transient expression is not suitable for all applications

CRISPR/Cas9 technology has revolutionized the field of gene editing, offering a
highly precise and efficient method for modifying the genome. This breakthrough has
paved the way for innovative approaches in addressing genetic disorders. Alongside
these benefits come significant ethical and safety concerns. One of the primary concerns is
the risk of off-target effects, wherein the CRISPR/Cas9 mechanism may unintentionally
alter DNA sequences at unintended sites, resulting in unintended mutations and the
activation of oncogenes [53]. Oncogenic changes created by these mechanisms will be
carried by the target cell and its progeny, adding another layer of complexity to the
potential long-term impacts of gene therapy technologies [24]. Additionally, the induction
of double-strand breaks (DSBs) leads to genomic instability and can consequently lead
to more accumulation of mutations. DSBs are primarily repaired by the error-prone non-
homologous end joining (NHEJ) pathway, which can lead to small insertions and deletions
(INDEL mutations) [54]. Such occurrences could potentially give rise to unforeseen health
issues or even the emergence of novel diseases.

One of the key advancements in the field of gene therapy is the development of base
and prime editors, which are tools that can be used to correct mutations in DNA. While
CRISPR/Cas9 genome editing conventionally triggers DSBs at specific DNA target sites,
potentially resulting in genomic instability and off-target effects, base editors (BE) and prime
editors (PE) use Cas9 nickases (dCas9), which are variants of the Cas9 that have been engi-
neered to induce nicks in the DNA strand instead of cleaving it [55]. Table 3 lists the main
differences between the traditional CRISPR/Cas9 system, base editors, and prime editors.

Table 3. Comparison between CRISPR/Cas9 system, base editors, and prime editor. CBE: cytosine
base editor; ABE: adenine base editor; PE: prime editor.

Tools Components Applicability Advantages Drawbacks Ref.

CRISPR/Cas9
Cas9, sgRNA, and
donor DNA (for

HDR)

Point mutations
Large DNA

insertions and
deletions

Gene knock-out

Versatility in gene
insertion, deletion,
and modification

DSB induction
Off-target effects

Low efficiency for HDR
[56]

CBE
dCa9-cytosine

deaminase, and
sgRNA Transitions mutations

(C→T, G→A, A→G,
T→C)

Induction of SSBs

Requires precise positioning of editing
window

Off-target DNA and RNA editing
Bystander edits

Only capable of four transition
mutations

[56,57]

ABE
dCas9-adenine
deaminase and

sgRNA
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Table 3. Cont.

Tools Components Applicability Advantages Drawbacks Ref.

PE
dCas9(H840A)-M-

MLV RT and
pegRNA

Point mutations
Small deletions and

insertions

Induction of SSBs
Allows for all precise

modifications

Genomic scope constraints
Variable efficiency in different cell

types
Delivery challenges due to large size

of PE

[56,58]

In the context of base editors, dCas9 is combined with a deaminase enzyme, enabling
the alteration of a single DNA through a process called deamination [59]. Given that
approximately half of all known pathogenic genetic variants are single nucleotide variants
(SNVs), base editing represents a promising approach for treating a wide range of genetic
diseases [60]. There are two classes of DNA base-editors: cytosine base-editors (CBE)
and adenine base-editors (ABE) [55]. CBEs convert cytosine bases to uracil which is
then recognized by the cell’s replication machinery as thymine, leading to a C-G to T-A
substitution in the DNA sequence. This mechanism is particularly useful for correcting
disease-causing mutations that involve C-G to T-A changes. However, the efficiency of
CBE in human cells has been limited due to the cellular repair pathway that reverts the
uracil to cytosine, known as base excision repair (BER). To overcome this, researchers have
developed improved versions of CBE, such as BE2 and BE3, which incorporate strategies
to inhibit BER, thereby enhancing the editing efficiency and specificity of CBE [55]. ABEs,
on the other hand, convert adenine to inosine, which is then recognized as guanine during
DNA replication, leading to the substitution of A-T to G-C in the DNA [55], which represent
the most common pathogenic SNVs reported in ClinVar database [60]. However, base
editors are not without limitations. Besides being restricted to making a maximum of four
substitutions, the limitations include the requirement for precise positioning of the base
editor edit window, and off-target DNA and RNA editing [57].

The prime editor system is a sophisticated genetic editing tool that allows for pre-
cise modifications of DNA, including point mutations, insertions, and deletions of small
fragments [58]. This system is composed of two main components: a reverse transcriptase
(RT) and a Cas9 nickase fused together. The RT component is guided by a prime editing
guide RNA (pegRNA), which contains a primer binding site (PBS) and a template for the
reverse transcription. This process is facilitated by dCas9, which exposes the 3′ end of
the DNA strand, allowing the RT to bind to the PBS on the pegRNA and synthesize the
new DNA strand with the desired edit. The edited DNA strand then has two overhangs:
one unmodified 5′ flap and one purposed 3′ flap. The 3′ flap, which contains the desired
edit, is retained, while the 5′ flap is cleaved away. The cellular DNA repair system then
integrates the edited DNA strand into the genome, replacing the original sequence with the
modified version [55,58]. To enhance efficiency, an improved version, PE3, was developed.
This version incorporates a second nicking guide RNA (ngRNA) to induce a nick in the
non-edited strand. This process leads to the corrected strand being used as a template for
correction of the nicked, resulting in incorporation of the desired change in both strands.
However, this approach also increases the number of insertions and deletions (INDELs).
To mitigate this issue, the PE3b version was introduced. This version utilizes a ngRNA that
specifically recognizes the non-edited strand after the edit has occurred, thereby enhancing
the safety of the editing process [56].

Although the PE system offers enhanced flexibility in targeting compared to other
genome editing methods, such as BE, it faces several practical limitations. These include
genomic scope constraints, variable efficiency across cell types, and delivery challenges
due to its original large size [58]. To address the genomic scope constraints, researchers
have focused on developing PAM-relaxed Cas9 enzymes that are compatible with various
protospacer adjacent motif (PAM) sequences, beyond the traditional SpCas9 which requires
the NGG PAM [58]. The NGG motif represents a particular three-nucleotide sequence
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(NGG), where N can represent any base. This sequence is what the SpCas9 enzyme
identifies and attaches to, enabling it to sever the DNA at the desired location [61,62].

Additionally, researchers have focused on developing miniaturized Cas9 versions
to potentially reduce the size of the PE system and facilitate its delivery [58]. The size
limitation is of particular importance when developing NILVs that carry the prime editor
system. As mentioned before, a typical lentiviral vector can carry up to 10 kb of insert
fragments [22]. For prime editing, the lentiviral vector must include the PE components,
including the dCas9 (~4.2 kb) and the RT (~2.0 kb), with a total size of approximately
6.2 kb [58]. While NILVs can offer advantages in gene therapy applications, the capacity of
the lentiviral vector may exceed when including both PE components and the pegRNA,
along with promoters, which further states the need to use miniaturized Cas9 versions.
An alternative approach involves the delivery of the Cas9 protein along with NILVs
that carry the gRNA. This method has been successfully demonstrated by Uchida et al.,
who developed a Cas9 delivery system using NILVs that encode both a gRNA and a
donor template for correction of the sickle cell disease mutation [63]. This system erases
the possibility of exceeding the lentiviral vector size capacity and could be adapted for
prime editing.

While non-integrating lentivirus still requires further development to reach clinical
trials, the successful application of gene therapy using the CRISPR/Cas9 tool in treating
genetic blood disorders like SCD and β-thalassemia has sparked optimism for correcting
mutations associated with DBA through gene therapy (Table 4).

Table 4. An overview of clinical trials utilizing CRISPR/Cas9 technology for gene therapy of genetic
blood disorders.

Disease Clinical Trial ID Intervention/Treatment Ref

Sickle Cell Disease
(SCD)

NCT06287099 Autologous CRISPR/Cas9 modified CD34+ hHSPCs (BRL-101) [64]

NCT04819841 Gene correction in autologous CD34+ HSCs (HbS to HbA) to treat severe
SCD [65]

NCT03745287 Autologous CRISPR/Cas9 modified CD34+ hHSPCs using CTX001 [66]

NCT05951205 Single dose of CTX001 in subjects with severe SCD with βS/βC genotype [67]

NCT04774536 Transplantation of CRISPR/Cas9 corrected HSCs (CRISPR_SCD001) in
patients with severe SCD [68]

NCT05329649 Administration of a single dose of CTX001 in pediatric subjects with severe
SCD [69]

SCD and
β-Thalassemia

NCT05477563 Single dose of autologous CRISPR/Cas9 modified CD34+ hHSPCs (CTX001)
in subjects with transfusion-dependent β-Thalassemia or severe SCD [70]

NCT04208529 A long-term follow-up study of subjects with β-thalassemia or SCD treated
with autologous CRISPR/Cas9 modified HSCs (CTX001) [71]

β-Thalassemia

NCT03655678 Autologous CRISPR/Cas9 modified CD34+ hHSPCs using CTX001 in
subjects with transfusion-dependent β-Thalassemia [72]

NCT04925206 Autologous CRISPR/Cas9 modified CD34+ hHSPCs using ET-01 in subjects
with transfusion-dependent β-Thalassemia [73]

NCT05577312 Autologous CRISPR/Cas9 modified CD34+ hHSPCs (BRL-101) [74]

NCT05356195 Autologous CRISPR/Cas9 modified CD34+ hHSPCs (CTX001) in pediatric
subjects with transfusion-dependent β-Thalassemia [75]

NCT03728322 Gene correction of HBB in patient-specific iHSCs using CRISPR/Cas9 [76]

This breakthrough paves the way for exploring similar approaches to target and rectify
DBA mutations, offering hope for more effective treatment options and potentially even a
cure for this rare hematological disorder [77,78]. Additionally, recent research highlights
the effective use of prime editing to correct the HBB gene in hematopoietic stem cells (HSCs)
of mice with sickle cell disease (SCD). This innovative approach utilized a HDAd vector to
deliver the prime editing machinery directly into the bloodstream of the mice, showcasing
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the potential for in vivo gene correction as a promising therapeutic strategy for genetic
blood disorders like SCD [79].

Furthermore, beyond the numerous ongoing and completed clinical trials, FDA has
approved two gene therapies for the treatment of SCD: Casgevy and Lyfgenia. Casgevy
employs a novel genome editing technique that modifies a particular gene to restore the
production of fetal hemoglobin, thereby mitigating the abnormal red blood cells typical
of SCD. On the other hand, Lyfgenia employs a lentiviral vector to deliver a healthy
hemoglobin-producing gene to patients, aiming to correct the underlying genetic defect
causing SCD [80,81]. Additionally, there is also an FDA-approved gene therapy for β-
Thalassemia. Zynteglo utilizes a replication-incompetent lentiviral vector to deliver a
modified β-globin gene to the patient’s own hematopoietic stem cells (HSCs). This approach
allows to produce functional adult hemoglobin, addressing the underlying genetic cause of
β-thalassemia by correcting the α/β-globin imbalance [81,82].

Despite the promising advancements in gene therapy, significant challenges persist,
particularly in the areas of long-term patient follow-up, cost, safety, efficacy, and manu-
facturing. Ensuring the long-term safety of gene therapy products necessitates extensive
follow-up beyond the active clinical trial period to monitor for delayed adverse effects [83].
Additionally, HSCT continues to present significant challenges, including its high cost,
inherent safety concerns, variability in efficacy, and manufacturing difficulties. A key
challenge lies in the production of therapeutic agents at high titers and with consistent
quality [84].

Despite these challenges, advancements in gene therapy, particularly using lentivirus
and CRISPR/Cas9 tools, have demonstrated significant potential in treating various blood
diseases. These innovative technologies offer a promising future for DBA treatment by pro-
viding precise and targeted corrections to genetic defects (Figure 4). These advancements
not only offer a safer and more effective alternative to traditional treatments like allogenic
HSCT but also hold the promise of a long-term cure for DBA and other monogenic diseases.
Further research and clinical trials are necessary to fully realize the potential of these gene
therapy approaches and to address the unique challenges posed by DBA, such as the
involvement of multiple genes and the unknown causative mutation in some patients.

(a) 

(b) 

Figure 4. Gene therapy as a therapeutic alternative for DBA treatment. (a) Traditional gene therapy
employes integrating lentiviral vectors carrying the functional gene (e.g., RPS19), which are delivered
to the patients HSCs ex vivo. (b) A more novel approach includes correcting the mutation ex vivo
using non-integrating lentiviral vectors (NILVs) that carry CRISPR/Cas9 tools specific for the DBA
mutation. Created with BioRender.com (accessed on 18 April 2024).
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6. Conclusions

The utilization of autologous HSCT combined with genetically modified HSPCs
presents a promising alternative to overcome the limitations associated with allogenic
HSCT and represents a promising leap forward in addressing the challenges associated
with DBA treatment. Through targeted research efforts focused on restoring the function of
the RPS19 gene, frequently mutated in DBA patients, and the development of innovative
gene therapy techniques such as base and prime editing using NILVs, significant progress
can be made towards effective therapeutic interventions. However, it is important to note
that autologous HSCT is associated with high costs, which can be a limiting factor for its
widespread adoption. Despite these challenges, the potential benefits of this approach
including improved outcomes, reduced risks, and the potential for long-term remission,
make it a compelling option for treating genetic blood diseases like DBA.
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