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Abstract
This review explores the progression of CRISPR-Cas9 genome editing technology in gene therapy for acute myeloid leukemia.
Acute Myeloid Leukemia, a serious blood cancer, presents formidable treatment obstacles and a dismal prognosis. Effective treat-
ments for acute myeloid leukemia rely on a clear understanding of its intricate genetic mechanisms, and CRISPR-Cas9 technology
offers precision and adaptability for targeting the disease’s oncogenic drivers. The dual intron-targeting method of CRISPR-Cas9
is showcased in this review for its potential to improve acute myeloid leukemia treatment efficacy and decrease relapse risks. This
approach emphasizes targeting oncogenic driver genes in acute myeloid leukemia through the dual intron-targeting CRISPR-Cas9
methodology, which identifies gene-specific targets, designs constructs to hit intronic regions, and explores viral and non-viral
techniques for introducing CRISPR-Cas9 into leukemia cells. Preclinical model and primary acute myeloid leukemia cell eval-
uations indicate precise targeting and editing of oncogenic driver genes, significant reduction in cell viability and proliferation,
minimal off-target effects, and improved treatment outcomes for acute myeloid leukemia patients. Finally, gene therapy, particu-
larly CRISPR-Cas9, holds transformative potential in reshaping acute myeloid leukemia treatment. Despite challenges in optimizing
delivery methods, enhancing target specificity, and minimizing off-target effects, CRISPR-Cas9 shows great promise in improving
treatment efficacy and reducing relapse risk. This innovative approach offers hope for better survival rates and outcomes for acute
myeloid leukemia patients, marking a significant advancement in the fight against this aggressive malignancy.
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1. Introduction

Acute Myeloid Leukemia (AML) is a formidable hemato-
logical cancer that significantly contributes to global mor-
bidity and mortality. In 2020 alone, there were 474,519
new cases of leukemia worldwide, with 311,594 result-
ing in fatalities [1]. According to WHO [2], AML has
a 5-year survival rate of 40%. The burden of AML has
witnessed a marked increase over recent decades, with
disability-adjusted life years attributed to this disease soar-
ing by 56.14% from 1990 to 2017 [2]. At an age of 60
and beyond, the chances of surviving for five years or
longer drop to under 20% [3]. In the US, approximately
20,800 new cases of AML are projected for 2024, along
with around 11,220 related fatalities. Novel treatment ap-

proaches are essential for addressing the urgent need to 
improve outcomes for AML patients [1]. The effective 
management of AML, which includes chemotherapy and 
stem cell transplantation, continues to present challenges 
due to issues like treatment resistance and relapse. To 
combat the challenges facing AML treatment, it’s essen-
tial to discover new therapeutic options. In this introduc-
tion, we delve into the potential of gene therapy as an ef-
fective treatment for AML. Gene therapy has the potential 
to revolutionize AML management by directly targeting 
the underlying genetic aberra-tions driving 
leukemogenesis, thereby improving patient outcomes. 
This review explores the gene therapy mecha-nisms, its 
application in AML treatment, salient recent re-search 
findings, future possibilities, and existing obstacles.
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Gene therapy provides various ways to intervene in the ge-
netic anomalies and signaling pathways causing leukemia.
Some strategies target normal cellular function restoration,
while others aim at inhibiting aberrant gene expression.
Gene therapy can modulate the immune system to selec-
tively target and eliminate leukemic cells. Although these
approaches show promise, challenges like delivery effi-
ciency and potential off-target effects still need to be ad-
dressed. Through a combination of these diverse tech-
niques, gene therapy offers a novel and intricate solution
for enhancing results in AML patients.

2. Literature Search Strategy

The literature review took a narrative approach to con-
dense and evaluate research on AML, with a focus on
CRISPR-Cas9 therapy as an innovative treatment
option focusing on CRISPR-Cas9 therapy as an innova-
tive option. Databases including PubMed, Google Scholar,
BioMed Central, Frontiers in Oncology or Immunology,
along with relevant websites, were searched using key-
words such as “AML”, “Mutations”, and “CRISPR”. Pref-
erence was given to articles published between 2020 and
2024, focusing on peer-reviewed studies, clinical trials,
and high-quality research. Titles, abstracts, and full texts
were systematically reviewed to extract important find-
ings related to clinical and therapeutic advancements.
Moreover, ChatGPT (OpenAI, version GPT-4) was uti-
lized for tasks such as shortening sentences, suggesting
alternative words, and enhancing text fluency. Addition-
ally, QuillBot’s AI assisted with rephrasing and grammar
correction to enhance clarity. All changes made with these
tools were carefully checked, corrected, and approved by
the authors to ensure scientific accuracy and consistency
with the manuscript’s objectives.

3. Discussion

3.1. Mechanism of Action of AML

AML arises from mutated marrow cells due to genetic al-
terations in their DNA. Leukemic blasts, also known as
leukemic cells, fail to mature and differentiate into func-
tional blood cells while multiplying excessively. Imma-
ture cells accumulate in the bone marrow and interfere
with the production of normal blood cells Figure 1, leading
to a decrease in healthy red cells, white cells, and platelets.
Genetic mutations, whether spontaneous or induced by ex-
ternal factors including radiation, chemicals like benzene,
or chemotherapy, are the primary cause of AML. AML
arises from genetic mutations, resulting in leukemic blasts
proliferation and normal haematopoiesis inhibition [4].

LSCs originate from altered self-renewing HSCs [5]. The
intricate mutation and clonal evolution patterns revealed
by next-generation sequencing have modified the tradi-
tional “two-hit hypothesis” for the development of AML.
In the development of full-blown AML, the stem cell
niche plays a crucial role through abnormal cell adhesion,
immunosuppression, and altered cytokine signalling., Ad-
ditionally, age-related changes in the vascular niche, inter-
actions between AML cells and the bone marrowmicroen-
vironment, and fluctuations in mesenchymal stromal cells
impact LSC expansion. while age-related modifications
in the vascular niche, interactions between AML cells and
the bone marrowmilieu, and fluctuations in mesenchymal
stromal cells1 affect LSC expansion. TET2 mutations in
AML are related to an inflammatory microenvironment
marked by elevated interleukin-8 levels, implicated in
atherosclerosis and heart disease [5]. Genetic defects,
clonal development, stem cell niche interactions, and in-
flammatory signals all contribute to the intricate process
of AML pathogenesis, resulting in abnormal myeloid pre-
cursor development and leukemia formation.

3.2. AML Subtypes and Genetics

AML subtypes are distinguished according to morpholog-
ical, cytogenetic, and molecular features. Two primary
classification systems are commonly used: FAB classi-
fication and WHO classification [4]. Based on their mi-
croscopic appearance and maturation stage, the FAB clas-
sification categorizes AML into eight distinct subtypes.
AML subtypes includeM0 (minimally differentiated), M1
(without maturation), M2 (with maturation), M3 (acute
promyelocytic, features a chromosome 15-17 transloca-
tion), M4 (myelomonocytic, common with chromosome
16 translocation/inversion), M5 (monocytic), M6 (ery-
throleukemia), and M7 (megakaryocytic leukemia). The
WHO classification improves the accuracy of FAB system
by integrating cytogenetic andmolecular data to better pre-
dict prognosis and guide treatment. This system encom-
passes multiple classes: AML marked by recurrent ge-
netic alterations, as exemplified by t(8;21)(q22;q22) pro-
ducing RUNX1-RUNX1T1 fusion gene, t(15;17)
(q22;q12) resulting in the PML-RARA fusion gene charac-
teristic of APL, and inv(16)(p13;q22) or t(16;16)(p13;q22)
generating CBFB-MYH11 fusion gene; AML bearing
myelodysplasia-related modifications post-therapy AML
emerging after chemotherapy or radiation therapy; AML
undefined (subdivided identically to the FAB hierarchy
from M0 to M7); and AML carrying designated gene mu-

1Also known as mesenchymal stem cells (MSCs), are non-
hematopoietic,multipotent, and self-renewable cells that may differen-
tiate into three lineages [6].
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Figure 1: Mechanism of action of CRISPR/Cas9 gene therapy in AML, highlighting targeted DNA cleavage and repair pathways for
precise genome editing [7,8].

tations (comprising NPM1, CEBPA, and FLT3-ITD). Ge-
netic abnormalities can be categorized into risk groups,
which affect the prognosis and treatment strategies for
AML. Favourable outcomes are linked to abnormalities
including t(8;21), t(15;17), and inv(16)/t(16;16), which
create the RUNX1-RUNX1T1, PML-RARA, and CBFB-
MYH11 fusion genes, respectively. Intermediate prog-
nosis is linked with normal karyotype and MLLT3-MLL
fusion gene caused by t(9;11). Patients with -5 or del(5q),
-7, t(6;9)/DEK-NUP214, inv(3) or t(3;3)/RPN1-EVI1, or
FLT3-ITD mutations have the least favourable progno-
sis [4].

3.3. CRISPR/Cas9 and Gene Therapies in
AML: Revolutionizing Genome Editing
and Cancer Treatment

A bacterial defensive system led to the development of the
revolutionary genome-editing technology CRISPR/Cas9.
It is an effective tool in genetics and biotechnology be-
cause it allows precise, focused alterations to DNA. The
CRISPR/Cas9 system has a reputation for being able to
integrate targeted modifications into genomes, which of-
fers enormous potential for medical applications, agricul-
tural practices, and basic biological research [9]. CRISPR
stands for Clustered Regularly Interspaced Short Palin-
dromic Repeats, and Cas9 stands for CRISPR-associated
protein 9. This technology originates from the bacterial
adaptive immune system, which uses the CRISPR/Cas9
mechanism to defend against viral infections. Bacteria in-
corporate DNA fragments from invading viruses into their

own genome using CRISPR arrays, creating a genetic
memory that allows them to recognize and defend against
future infections by the same virus [9]. The CRISPR/Cas9
system identifies and cuts specific DNA sequences using
RNA and protein components. The gRNA is crucial, di-
recting the Cas9 protein to the target DNA sequence. The
gRNA is composed of crRNA and tracrRNA sequences
for target recognition and Cas9 binding, respectively. A
sgRNA can now constitute both crRNA and tracrRNA in
a single molecule. The gRNA directs Cas9 to the precise
DNA sequence through base-pairing. The Cas9 enzyme
can only bind and cleave a target sequence if it is neigh-
boring a PAM sequence. Upon binding of gRNA-Cas9
complex to target DNA, Cas9 induces a DSB at the spec-
ified site as shown in Figure 1 [9]. The two nuclease
domains of Cas9, RuvC2 and HNH3 [10], are in charge of
cleaving DNA strands. The cell mends the double-strand
break using its inherent DNA repair mechanisms. NHEJ
and HDR are the primary repair mechanisms with NHEJ
often resulting in gene function impairing indels. HDR al-
lows for precise genomic modifications through the use of
a repair template as shown in Figure 1 [9]. CRISPR/Cas9
is used across various industries for diverse applications.
Genetic illnesses are treated by repairing their source mu-

2The RuvC domain is a nuclease domain called after the RuvC pro-
tein, a bacterial enzyme that helps resolve Holliday junctions during
DNA recombination. In CRISPR/Cas9, the RuvC domain cleaves the
non-target DNA strand.

3The HNH domain is a nuclease domain recognized by a specific
motif containing histidine (H) and asparagine. The HNH domain of the
CRISPR/Cas9 system cleaves the target DNA strand that is complemen-
tary to the guide RNA.
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tations using gene therapies in their development. Genet-
ically engineered crops with improved insect resistance 
and productivity can be developed through agriculture. 
Through CRISPR/Cas9 technology, scientists can create 
knockout models or introduce specific mutations in fun-
damental research for investigating gene function [9]. Its 
breakthrough capabilities come with challenges such as 
off-target consequences, which alter unwanted DNA se-
quences. Scientists are striving to enhance the system’s 
specificity and efficiency by developing new Cas9 vari-
ants, optimizing gRNA design, and employing comple-
mentary technologies such as base editors and prime edi-
tors. CRISPR/Cas9 represents a significant leap forward 
in genome editing due to its exceptional precision and 
versatility. Advances in research have the potential to 
revolutionize medicine, agriculture, and genetics, thereby 
determining the future of biotechnology [8].

3.4. CRISPR-Cas9 in AML Treatment

As previously mentioned, AML is a type of blood cancer 
known for its rapid and uncontrolled growth of immature 
myeloid cells, resulting from genetic mutations that dis-
rupt key genes involved in blood cell production. Among 
these genetic irregularities, fusion genes resulting from 
CBF AML subtypes, such as inv(16)(p13.1q22)/t(16;16)
(p13.1;q22) and t(8;21)(q22;q22.1) (AML t(8;21)), ac-
count for a large number of cases. These fusion genes, like 
the well-known RUNX1-RUNX1T1, play a key role in 
leukemia formation, as they interfere with normal cell ac-
tivities and encourage the growth and spread of leukemia 
cells [11]. In AML treatment, common drugs like high-
dose anthracycline and cytarabine are effective in caus-
ing remission but often fail to entirely eliminate leukemic 
cells, resulting in relapse in a significant number of pa-
tients. Furthermore, these therapies might cause consider-
able toxicity, especially in senior individuals. Therefore, 
there is a critical need for more targeted and less toxic 
treatment options, particularly those capable of effectively 
eliminating MRD to prevent relapse [11]. CRISPR-Cas9 
technology represents a viable option in this regard. Re-
searchers want to use the accuracy and adaptability of 
CRISPR-Cas9 to selectively target and disrupt oncogenic 
driver genes such as RUNX1-RUNX1T1 in AML 
cells [11]. The study by Neldeborg et al. [11] introduces a 
dual intron-targeting CRISPR-Cas9 methodology, which 
selectively disrupts fusion genes while maintaining the in-
tegrity of wild-type genes. This targeted approach could 
potentially prevent the growth and proliferation of AML 
cells by interfering with essential oncogenic pathways [11]. 
The findings show that CRISPR-Cas9 may effectively sup-
press the development and proliferation of AML t(8;21)

cancer cells in vitro. Furthermore, the viability of this 
method is validated in primary AML cells obtained from 
patients, underscoring its potential for clinical use. By fur-
nishing a focused and accurate means to disrupt oncogenic 
drivers in AML, CRISPR-Cas9 emerges as a promising 
therapeutic approach that could enhance treatment effi-
cacy and mitigate the likelihood of relapse in AML pa-
tients. However, further studies are needed to assess its 
safety, scalability, and long-term effects before widespread 
implementation can be considered [11].

4. Future Perspectives and Challenges

CRISPR/Cas technology, specifically CRISPR/Cas9, con-
tinues to improve its therapeutic potential and has great 
potential for gene therapy in AML. According to recent 
literature studies and clinical trial registry updates, many 
clinical trials are presently underway to investigate the use 
of CRISPR-Cas9 genome editing for AML treatment. Al-
though the final results are still pending, several of these 
trials have shown promising encouraging initial outcomes. 
For instance, a Phase 1/2 ½ trial is currently recruiting 
participants for a therapeutic treatment involving autolo-
gous TCR T cells engineered to target WT1, which have 
been modified ex vivo using the CRISPR/Cas9 gene edit-
ing tool [12] (Trial No: NCT05066165).

Another article by Chehelgerdi et al., published in 
2024, presented outcomes from both preclinical and clin-
ical trials, focusing on the application of CRISPR-based 
cancer treatment in AML cells. Preclinical trial data 
showed that the CRISPR approach of knocking out GATA2 
induced differentiation and decreased tumor growth, while 
similar outcomes were observed following the knockout 
of ASXL1. However, both approaches are limited by in-
sufficient evaluation of off-target effects [13]. In con-
trast, clinical trial results demonstrated that CAR-T cell 
therapy directed against CD33 in patients with R/R AML 
demonstrated positive outcomes. The process entails ge-
netically modifying T cells to produce a CAR that tar-
gets CD33, after which they are administered to AML 
patients. While the therapy offers advantages like pre-
cise targeting and potential for a durable response, it also 
poses risks including cytokine release syndrome and neu-
rotoxic effects [13,14]. Researchers are equipped with a 
multitude of genome editing options through the adapt-
able CRISPR/Cas toolbox, including Cas12, Cas13, and 
Cas14. However, research studies using CRISPR/Cas12-
based treatments have shown encouraging results in treat-
ing illnesses such as sickle cell disease and beta-, which 
require blood transfusions, demonstrating successful in-
tegration with minimal adverse reactions. Furthermore, 
the discovery of other CRISPR/Cas cassettes, such Cas14,
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broadens the possibilities for more effective and adapt-
able gene editing approaches as shown in Figure 2. How-
ever, further exploration is required to fully exploit the
therapeutic benefits of CRISPR/Cas9 and its variants in
AML therapy. This entails overcoming challenges like
optimizing delivery modalities, enhancing target speci-
ficity, and minimizing immunogenicity. The immune re-
sponse to CRISPR-Cas9 poses a major obstacle to over-
come in the context of therapeutic purposes. According
to Kolanu [15], the introduction of the Cas9 protein into a
living organism can initiate an immune response, causing
the body to produce neutralizing antibodies and activate
T-cells, which can limit the treatment’s effectiveness and
safety. Recent studies have investigated numerous strate-
gies to mitigate Cas9 immunogenicity. For instance, the
researcher Charlesworth et al. demonstrated that engineer-
ing Cas9 protein through targeted modifications, such as
introducing specific mutations into it, can significantly
reduce its immunogenic properties and increase its thera-
peutic efficacy [15]. Additionally, researchers Chew et al.
found that pre-existing immunity to Cas9 restrained the
effectiveness of gene editing, highlighting the importance
of considering a patient’s immunological history when
creating CRISPR-Cas9-based treatments. Their study un-
derscores the need for personalized approaches, includ-
ing screening for existing immunity, prior to applying
CRISPR-Cas9 in clinical settings. Another significant ob-
stacle associated with CRISPR-Cas9 therapy is the risk
of triggering an immune response due to the insertion of
foreign genetic material. The immune system may iden-
tify ex-cell components as foreign entities, resulting in
immune-related adverse effects and a decrease in the ther-
apeutic effectiveness [15]. These findings indicate that
overcoming immune response barriers is critical for suc-
cessful CRISPR-Cas9 implementation in therapeutic set-
tings. Future CRISPR-Cas9 research in AML should fo-
cus on understanding the potential of different delivery
systems and their efficacy in transducing AML cells. The
success of CRISPR-Cas9-mediated disruption of fusion
genes as a therapy for AML relies on the efficient deliv-
ery of its components to leukemic cells in vivo.. An un-
expected finding of Cas9 cleavage in the THP1 cell line,
which resulted in the creation of a t(8;21) translocation,
highlights the need for additional research into the safety
and specificity of CRISPR-Cas9 applications. Although
this discovery did not lead to growth suppression or major
negative effects in vitro tests, the possibility of creating
gene fusions in unintended cells requires careful scrutiny,
especially in preclinical models. Comprehensive evalua-
tion of potential side effects, particularly the induction of
translocations, is important for understanding their impact
on healthy cells and for developing strategies to minimize

these risks in future applications as shown in Figure 2. 
Despite demonstrating efficacy in inhibiting proliferation 
and reducing tumor volume in AML cells with CRISPR-
Cas9 dual intron-targeting in AML t(8;21) [11], address-
ing these challenges is crucial for bringing this technology 
into clinical use. In order to ensure that CRISPR-Cas9 is 
safe and effective when implemented in AML t(8;21) pa-
tients, future studies should optimize delivery strategies, 
assess efficacy in combination with existing treatments, 
and conduct comprehensive off-target effects analyses as 
seen in Figure 2 [9,11].

5. Conclusions
Finally, this paper emphasizes how CRISPR-Cas9 tech-
nology can revolutionize the way that AML is treated. 
Despite the challenges posed by high relapse rates and 
treatment resistance, CRISPR-Cas9 represents a potential 
step toward more effective personalized therapies. By 
precisely targeting genetic defects and disrupting cancer-
causing processes, this technology has shown significant 
potential in preclinical models, particularly through ap-
proaches like dual intron-targeting to tackle fusion genes 
essential for AML pathogenesis. As previously stated, 
AML is caused by complex genetic changes and clonal for-
mation. Preclinical models indicate that CRISPR-Cas9’s 
ability to generate targeted double-strand breaks and sub-
sequent genetic modifications can precisely target AML’s 
underlying mechanisms, reducing leukemic cell prolifer-
ation and decreasing tumor volume. This technology can 
disrupt fusion genes like RUNX1-RUNX1T1, essential 
for AML pathogenesis, through a dual intron-targeting ap-
proach. Transitioning from lab to patient care poses con-
siderable challenges. Ensuring delivery efficiency, speci-
ficity to targets, and minimal off-target effects remains 
essential. To ensure safety and specificity, extensive pre-
clinical research is necessary due to the likelihood of un-
intended gene fusions with CRISPR-Cas9 applications. 
Effectively adopting CRISPR-based medicines in clinical 
practice relies on overcoming the identified challenges. 
Further investigation is required to enhance gene-editing 
medication delivery systems, assess the long-term safety 
and efficacy, and combine CRISPR-Cas9 with present 
therapeutic approaches. The discovery of new CRISPR/
Cas systems, such as Cas12 and Cas14, and advances in 
this technology offer opportunities for advanced, efficient 
therapeutic applications. Despite the obstacles to practical 
application, CRISPR-Cas9 has the potential to transform 
the treatment of AML. By addressing the genetic basis 
of leukemogenesis, gene therapy holds the potential to 
transform the treatment of AML, enhancing survival rates 
and improving the quality of life for patients. As research
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Figure 2: Overview of the future prospects and challenges of CRISPR/Cas9 gene therapy in AML.

advances, gene therapy incorporated into AML treatment 
could become pivotal to combating this aggressive hema-
tologic malignancy.
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APL Acute Promyelocytic Leukemia
AML Acute Myeloid Leukemia
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CRISPRRNA crRNA
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gRNA guide RNA
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MSCs Mesenchymal Stem Cells
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