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Leukemia arises from genetic and epigenetic alterations that disrupt hematopoiesis, driving malignant proliferation of myeloid or
lymphoid precursors. Though chemotherapy, hematopoietic stem cell transplantation, and targeted therapies remain the standard
of care, patients who fail to recover from these options underscore the need for new strategies. The current limitations to those
clinical applications include treatment resistance, relapse, and donor limitations. Fortunately, Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/Cas9 technology has emerged as a novel and versatile tool for advancing leukemia research
and therapy. Through CRISPR screening, researchers can investigate thousands of genes at once by applying CRISPR-based
perturbations to the entire pool. This allows researchers to identify candidate genes at a high rate, shortening the wait time for
clinical breakthroughs. Not only that, but because certain cancer cells can evade T cell detection, the body’s immune response
to carcinogenesis, CRISPR can edit T cells by integrating chimeric antigen receptors or performing knockouts to prevent relapse
from antigen escape. Base-editing, which involves single-base substitutions in DNA without inducing a double-strand break,
can also achieve therapeutic gene knockouts with higher precision. Lastly, epigenome editing uses CRISPR/dCas9 to modulate
DNA methylation and histone modifications that underlie leukemogenesis, as dysregulation in epigenomic networks can cause
cancer. These studies illustrate CRISPR’s dual role as a discovery platform and therapeutic modality. Despite challenges such as
off-target effects, immune toxicities, and delivery limitations, continued innovation in CRISPR-based technologies holds promise

for more precise and effective treatments for leukemia.

Introduction

Leukemia is the result of several genetic and epigenetic alter-
ations in hematopoietic stem or progenitor cells. Hematopoi-
etic stem cells differentiate into two major cell lineages:
myeloid stem cells, which give rise to red blood cells,
platelets, and various white blood cells, and lymphoid stem
cells, which become T cells and B cells!. Leukemia can
be either a primary or secondary process, meaning it can
start as a new disease or develop as a complication from
a previous disorder, and it is categorized as either acute or
chronic according to its speed of proliferation and origin.
The most common subtypes include acute myeloid leukemia
(AML) and chronic myeloid leukemia (CML), stemming from
the myeloid; acute lymphoblastic leukemia (ALL), which in-
volves immature white blood cells; and chronic lymphocytic
leukemia (CLL), which concerns the lymphoid chain®. As
shown in Figure 1, in both AML and ALL, hematopoietic stem
cells, which typically differentiate into multiple types of cells,
fail to differentiate correctly due to genetic mutations. That
drives the unchecked proliferation and anomalous maturation
of myeloid and lymphoid precursor cells, leading to malignant
transformation !
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AML incidence rates are 2.7 per 100,000 people, with a
median age at presentation of 65 years. On the other hand,
ALL incidence rates are 1-1.5 per 100,000 people, with pa-
tients mostly being between 2 and 5 years old, making ALL
the predominant form of pediatric cancer!. Chronic leukemia
occurs almost exclusively in adults, oftentimes asymptomatic
at the time of diagnosis>. Aside from age, a litany of other fac-
tors increases the susceptibility to leukemia. Genetic risk fac-
tors such as Klinefelter and Down syndromes, ataxia telang-
iectasia, Bloom syndrome, and more are commonly corre-
lated with a higher incidence of leukemia, as well as germline
mutations in RUNXI and CEBPA. Environmental character-
istics such as exposure to benzene, topoisomerase II agents,
and ionizing radiation are all associated with acute leukemias.
As of 2018, global research demonstrates that out of approx-
imately 475,000 worldwide leukemia cases, almost 68,000
cases were in North America, with a mortality rate of about
3.2 per 100,000 patients?. Acute leukemia can be partic-
ularly life-threatening: hemorrhages and coagulopathy are
common complications, resulting in death in 7% of patients
with AML'. The average 5-year survival rate for AML is
25.4%, with the chance of survival decreasing rapidly for pa-
tients over 65 years of age. The same trend can be observed
in ALL, though the average 5-year survival rate is higher,
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Figure. 1 Acute leukemia development. Hematopoietic stem cells
differentiate into a variety of cells, but failure to differentiate at cer-
tain stages results in leukemia. In acute myeloid leukemia (AML),
the failure of myeloid stem cells or myeloblasts to differentiate into
mature white blood cells creates leukemic stem cells, which multiply
and cause cancer. In acute lymphoblastic leukemia (ALL), the fail-
ure of lymphoblasts to differentiate into T or B cells creates leukemic
stem cells that proliferate in the bloodstream.

at 50.03%. For CML, the average 5-year survival rate is
38.47%, with older patients still seeing lower chances of sur-
vival though the difference between younger patients is not
as drastic. Lastly, for CLL, the average 5-year survival rate is
78.27%, with different age groups exhibiting relatively similar
survival rates>.

Current treatment options include chemotherapy, radiation
therapy, monoclonal antibodies (lab-grown antibodies that
mimic natural antibodies), and hematopoietic stem cell trans-
plantation (HSCT), the infusion of healthy blood-forming
stem cells into the patient’s bloodstream to rebuild bone mar-
row. Since leukemia is a heterogeneous disease, treatment
depends on the leukemia subtype, cytogenetic and molecular
findings, age, and possible comorbidities. Unfortunately, tu-
mor lysis syndrome, which is a life-threatening disorder that
occurs when the widespread destruction of cancer cells re-
leases contents into the bloodstream,may manifest as a re-
sult of chemotherapy, and infections from immunosuppression
used in chemotherapy or HSCT can be serious. While tyrosine
kinases are enzymes that activate signal transduction cascades,
abnormal tyrosine kinases constantly send signals for cells to
divide and grow, leading to uncontrolled cellular proliferation
and pathogenesis of leukemia. As a result, tyrosine kinase in-
hibitors are revolutionary in controlling the long-term devel-
opment of the disease. However, it is not curative; the only
curative treatment is HSCT*. Unfortunately, patients may en-
counter difficulty finding a matching bone marrow donor, es-
pecially if they come from ethnically diverse backgrounds, as
donors and patients often share the same ancestry>. Worse,
even after an HSCT donor is selected, harmful side effects of
the transplant can include organ or tissue dysfunction, infec-

tions leading to secondary malignancies, or graft-versus-host-
disease (GVHD), where healthy immune cells from the graft
view the host’s body as foreign and attack healthy cells and
organs®. Successfully combating leukemia necessitates new
targeted therapies, and given that leukemia is primarily caused
by random genetic mutations occurring during a patient’s life-
time, researchers are increasingly investigating gene-editing
technology.

Like many other blood cancers, leukemia starts in the
bone marrow, where genetic and epigenetic alterations in
hematopoietic cells contribute to malignancies’. Somatic mu-
tations in hematopoietic stem cells can drive uncontrolled pro-
liferation of mutated cells, suppressing normal hematopoiesis
and reducing the production of functional red blood cells,
white blood cells, and plateletsg. T cells and B cells are
part of the body’s natural defense system, crucial to adap-
tive immunity, an immune response that targets specific for-
eign substances and pathogens. Helper T cells (CD4+) co-
ordinate immune responses by promoting activation and ex-
pansion of cytotoxic CD8+ T cells®!?. B cells secrete anti-
bodies, which recognize certain antigens instead of directly
killing infections, and the CD19 protein is expressed as a sur-
face marker on these cells %!, However, if one cancer cell
has a genetic change that allows it to evade T and B cells, it
confers this survival trait to its progeny, and this strain will
continue to develop. These changes include the ability to sup-
press or stop immune responses, allowing cancers to grow and
metastasize 2. Therefore, current research aims to genetically
enhance the ability of human immune responses to recognize
tumorigenic cancer cells before proliferation spreads out of
control. This review addresses CRISPR’s multiple applica-
tions to advancing leukemia research, from screening for can-
didate genes contributing to leukemia, to advancing CAR-T
cell based therapy, to targeting epigenetic mechanisms using
CRISPR.

Literature Search Methodology

A systematic literature search was conducted to identify peer-
reviewed studies examining the application of CRISPR-based
technologies in leukemia treatment. Electronic databases in-
cluding PubMed and Google Scholar were searched using
combinations of keywords and Boolean operators, including
“leukemia,” “acute myeloid leukemia,” “acute lymphoblastic
leukemia,” “CRISPR,” “CRISPR-Cas9,” “gene editing,” “epi-
genetic editing,” “DNA methylation,” “dCas9,” “CRISPRi,”
“CRISPRa,” “base editing,” “prime editing,” and “CAR T-cell
therapy.” Additional relevant studies were identified through
citation screening of highly cited review articles. Eligi-
ble studies included English-language, peer-reviewed pub-
lications investigating leukemia biology, CRISPR-mediated
genome or epigenome editing, functional CRISPR screening,
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or engineered immune cell therapies. Conference abstracts,
duplicate records, non-English publications, and studies lack-
ing direct relevance to leukemia or CRISPR-based therapeu-
tics were excluded. Titles and abstracts were initially screened
for relevance, followed by full-text evaluation of eligible ar-
ticles. The final review incorporated 51 references, includ-
ing mechanistic studies, preclinical investigations, and emerg-
ing clinical research, to provide a comprehensive overview
of current advances and future directions in CRISPR-based
leukemia therapeutics.

Records removed before
screening: 134
Records identified from: PubMed, Duplicate records
Google Scholar removed (n = 123)
D (n = 684) —— Records marked as
o e e ulo Registers (n = 0) ineligible by automation tools
(n=0)
Records removed for
other reasons (n = 11)
Records screened Records excluded
(n = 550) > (n=438)
Reports sought for retrieval Reports not retrieved
(n=112) (n=4)
1
NO-0oOEC—-CcD \ J
v
Reports assessed for eligibility Reports excluded:
(n=108) I Not focused on leukemia (n =
19)
Not CRISPR-related therapeutic
applications (n = 16)
Review duplicated information
already represented by higher-
quality sources (n = 22)

Studies included in review

Reports of included studies

(n=51)

CRISPR Screening as a Means to Discover Driver Gene
Functions in Leukemia

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 is a new gene-editing technology origi-
nally derived from the bacterial immune system. Due to
its highly efficient, cost-effective, and customizable nature,
CRISPR/Cas9 has accelerated the development of genetic en-
gineering approaches and treatment options'®>. The CRISPR
system consists of two main parts: a guide RNA (gRNA) and
CRISPR-associated protein 9 (Cas9). The gRNA guides the
system to a target DNA region (Figure 2, Step 1), allowing the
Cas9 enzyme to cut the DNA, which induces a double-strand
break (Figure 2, Step 2). These double-strand breaks knock
out a gene, and natural repair processes rebuild DNA to correct
the mutation (Figure 2, Step 3). Single-guide RNA (sgRNA),
a type of gRNA approximately 20 nucleotides in length, is
the most frequently utilized in research settings. Notably, the

sgRNA requires a protospacer-adjacent motif (PAM) sequence
downstream of the target site to locate where to cut, 13,14,

1. Cas9-sgRNA complex locates and binds to target gene

Target site

2. Cas9-sgRNA complex performs double strand break

3. Non-homologous end joining repair results in gene knockout
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Figure. 2 CRISPR/Cas9 mechanism. The Cas9-sgRNA complex
locates and binds to the target shearing site with the help of a proto-
spacer adjacent motif (PAM) sequence (Step 1). The Cas9-sgRNA
complex then cuts the gene using a double-strand break (Step 2).
Lastly, the two DNA ends are joined through non-homologous end
joining, resulting in insertion-deletion mutations, which either edit
or knock out the target gene (Step 3).

All of these components open the door for CRISPR genetic
screening. As shown in Figure 3, CRISPR-based screening
commonly involves sgRNA transduced into Cas9-expressing
cells and used for fluorescent cell sorting-based screening,
in vivo pooled screening, or drug-challenged screening. Re-
searchers can use this data to gain genetic information.
CRISPR-based screens can generate and study genetic loss-
of-function variants on a large scale. Specifically, CRISPR-
based perturbations can be conducted on thousands of genes,
enabling scientists to identify candidate genes for further re-
search. When sgRNAs guide Cas enzymes to cut DNA,
the DNA sequence repairs itself through nonhomologous end
joining (NHEJ), which is prone to errors and small insertions
or deletions (indels). Frameshift mutations and premature stop
codons at the target can result in loss-of-function mutations.
CRISPR-based screening is thus known as CRISPR knockout
(CRISPR-KO) screening '*. Especially in the development of
cures for leukemia, CRISPR screening has been popularized
to quickly and efficiently identify genes of interest.

Although most leukemias occur sporadically and are rarely
hereditary, inherited gene mutations contribute to a small per-
centage of AML cases. Studies suggest that roughly 4-10%
of children and adults may carry inherited gene mutations
that confer susceptibility to cancer. Genetic predisposition in-
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Figure. 3 CRISPR-based screening process and application.
In CRISPR-based screening, sgRNAs are first lentivirally trans-
duced into specific Cas9-expressing cells. Then the Cas9-sgRNA-
expressing cells can be used in fluorescent-activated cell sorting-
based CRISPR screening, where cells are sorted by high or low fluo-
rescent expression; in vivo pooled CRISPR screening, typically per-
formed in mice; or drug-challenged CRISPR screening, where the
cells are challenged by a drug to examine resistance or sensitivity.
Researchers analyze this data using a variety of methods, including
deep sequencing.

cludes disorders that increase the risk of malignancies, like Li-
Fraumeni syndrome (LFS), constitutional mismatch repair de-
ficiency (CMMRD), germline mutations, and inherited bone
marrow failure syndromes, which frequently occur in chil-
dren . Fortunately, CRISPR screening has facilitated the dis-
covery of numerous candidate genes in leukemia for further
research. Moreover, clusters of differentiation (CD) markers,
surface molecules used for immunophenotyping cells, allow
researchers to classify hematological cancers and associate
them with expected disease prognosis. Because mutations in
CD markers can correlate with certain clinicopathological fea-
tures and cause unchecked cell proliferation, a better under-
standing of CD markers is required to enable early detection
and evaluate leukemia’s responsiveness to treatment'®. The
loss of CD markers has also been widely studied for resistance
to certain therapeutic approaches to leukemia.

One of AML’s key features is its lack of cellular differen-
tiation, meaning unspecialized cells fail to mature into spe-
cific cell types. Overcoming these challenges is key to treat-
ing AML. In 2021, Wang et al. performed a surface antigen-
guided CRISPR knockout screening to find genes that main-
tain AML differentiation. While this screening identified
many internal controls and known regulators, it also iden-
tified multiple previously uncharacterized genes, including
the ZFP36L2, GFIl, MEDI6, and MED24 genes. Specifi-
cally, the ZFP36L2 gene codes for the RNA-binding protein
ZFP36L2, a crucial AML maintenance and differentiation reg-
ulator. While there are currently no ZFP36L2 inhibitors, stud-
ies have suggested that small molecules can inhibit compo-
nents of pre-mRNA cleavage, proposing that the pharmaco-
logical modification of RNA processing could be a treatment

option for AML patients !”. Therefore, CRISPR screening can
identify genes of interest for researchers trying to control the
mechanisms behind AML.

Epigenetic programs are dysregulated in AML, and they
also aid in stopping cellular differentiation. In 2022, Yan
et al. conducted a differentiation-focused CRISPR screen
in AML cells to identify epigenetic regulators of AML cell
maturity. Yan’s team subsequently identified 14 hits, which
corresponded to genes that repress differentiation. Yan et
al. focused on the histone acetyltransferase KAT6A and
SIRT1, a deacetylase that removes the modifications catalyzed
by KAT6A suspecting that KAT6A/SIRT1-controlled histone
acetylation was potentially key to AML differentiation regu-
lation. Since the function of wildtype KAT6A in AML has yet
to be investigated, the team analyzed various data from cancer
sample datasets, cancer cell lines, and databases to discover
that KAT6A has the highest expression in AML across all can-
cers, determining that the high expression promotes AML by
inhibiting myeloid maturation. Critically, KAT6A represents
a histone acetyltransferase that is a potentially actionable tar-
get for differentiation-based AML treatment due to its role in
regulating AML leukemogenesis '8.

Currently, there are multiple therapeutic options for ALL,
including blinatumomab, an immunotherapeutic agent used to
treat B cell ALL (B-ALL), which is a subtype of ALL charac-
terized by excess abnormal B-lymphocytes. However, current
data demonstrates that patients react differently to treatment
in terms of response and toxicities, with a complete remission
rate from 36% to 66% '°. To determine the pharmacogenomic
basis of leukemia response to blinatumomab, Li et al used
genome-wide CRISPR to perform a comprehensive screening
of B-ALL Nalm6 (a commonly used human B cell line) with
a T cell coculture system. They identified the loss of CD58 as
a major driver of drug resistance through its disruption of B-
ALL-T cell interaction, as well as the loss of the CD19 antigen
displaying the greatest effect in weakening blinatumomab’s
efficacy on T cells. To then determine the transcription fac-
tors that regulate CD58 and CD19, a CRISPR/Cas9 screening
was performed on 1639 transcription factor (TF) genes. It was
identified that cells with biallelic, meaning both alleles are af-
fected, loss of PAXS5 displayed the lowest CD58 expression,
which showed that this was the TF gene linked to CD58. Im-
munotherapeutic agents have been a focal point in leukemia
treatment recently, with other agents besides blinatumomab
entering clinical trials. Therefore, CRISPR screening is essen-
tial to help researchers understand the pharmacogenomic basis
of leukemia response to different drugs and improve treatment
response 7.

In acute leukemias, mixed lineage leukemia (MLL) also
presents a challenge for genetic engineers. This subtype is
an aggressive blood cancer that has poor prognosis. MLL
fusion proteins result from chromosomal translocations af-
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fecting the MLL gene (also known as KMT2A). Essentially,
this event destroys normal gene regulation and leads to irreg-
ular function in the resulting chimeras. Loss of control in
genes that MLL normally regulates, especially HOX (home-
obox) genes, can drive uncontrolled cell growth and differ-
entiation?® . Jaiswal et al. had previously observed that
post-transcriptional gene regulation by RNA-binding proteins
(RBPs) is a crucial mechanism in leukemia. Specifically, they
had identified 36 RBPs that were overexpressed in MLL-AF4-
positive-B-ALL. In the present study, the team conducted a
sub-genomic CRISPR dropout screen, which screens a smaller
group of genes rather than the entire genome to identify ge-
netic dependencies. The researchers identified three genes
whose loss impaired the growth of MLL-AF4 leukemia cells:
USOI, EIF3E, and EPRS, whose loss showed significant de-
pletion in MLL-AF4-positive cells compared to the MLL-
AF4-negative cells. This meant that these three genes drive
this form of leukemia. Ultimately, this CRISPR screen identi-
fied specific therapeutic targets for MLL-translocated B-ALL,
which can serve as candidate genes or therapeutic targets for
further leukemia research?!.

As mentioned earlier, aberrant expression of HOX genes
is commonly present in MLL gene rearrangements. The
transcription factor HOXA9’s overexpression and regulation,
though strongly correlated with poor prognosis in ALL and
AML, are currently under-researched, impeding therapeutic
intervention. Therefore, Zhang et al. sought to monitor real-
time HOXA9 with CRISPR/Cas9 screening to identify which
transcription factors regulate HOXA9 expression. Screening
processes revealed several known regulators like DOTIL and
HOXA?9 itself. Most importantly, however, was the discovery
of novel functional regulator Upstream Transcription Factor 2
(USF2), which was consistently enriched among the top hits
in screens. This suggests that USF?2 is likely a positive regula-
tor of HOXA9. Zhang’s team validated their finding and found
that USF?2 is a direct transcriptional regulator of HOXA9. This
finding demonstrated the importance of the USF2/HOXA9 axis
in this subtype of B-ALL progression and provided a bet-
ter understanding of the HOXA9 locus. The study’s method-
ology also advances many areas of research, including drug
screening and the identification of other candidate genes in

leukemia 2.

Ultimately these studies collectively demonstrate the util-
ity of different CRISPR screens (CRISPRi, CRISPR dropout,
and CRISPR knockout screens) to identify key components
contributing to subtypes of leukemia. In areas where existing
technology could not point researchers to new therapeutic tar-
gets, CRISPR has provided a novel strategy for researchers to
deepen their knowledge of leukemic mechanisms.

Although pooled CRISPR screens can efficiently identify
candidate genes associated with traits by testing thousands of
genes at once, not all sgRNA are effective for directing Cas9

because some sequences do not permit optimal sgRNA de-
sign. Certain bases or PAM sequences may not be present, and
chromatin and DNA structures makes targeting some genomic
sequences impossible, affecting sgRNA activity. Therefore,
validation strategies are typically implemented to verify re-
sults, such as T7E1, TIDE, IDAA, NGS assays to determine
the level of indels and sgRNA activity when complexed with
Cas923. Arrayed CRISPR screens and gene perturbations are
also used for validation, and hits are typically selected for val-
idation based on their ranks?*. Validation is crucial because
estimates of false negative rates of CRISPR-KO screening are
between 10% and 20% 2.

Comparison of the studies demonstrate that successful
CRISPR screens depend more on experimental design than
on factors such as library size. Fluorescent cell-sorting for
cell-surface marker screens made identification of genes reg-
ulating differentiation or gene expression efficient. Dropout
screens were better suited for identifying genes essential for
leukemia cell survival. Appropriate selection of the screen-
ing model helped increase success, as investigators generally
used leukemia cell lines correlated to the leukemia subtype
they were investigating. Also, researchers often comprehen-
sively validated findings in additional cell lines or assays for
screening accuracy. Successful studies used multiple sgRNAs
for each target gene and performed secondary validation. All
of these factors improved confidence that top hits represented
true biological dependencies.

Advancing CRISPR-Based CAR-T Cell Engineering for
Targeted Leukemia Therapy

As aforementioned, through CRISPR/Cas9 screening, re-
searchers have identified several key genes in leukemia that
were selected for further research. Still, CRISPR’s therapeu-
tic potential extends beyond screening and discovering vul-
nerabilities in leukemic cells. Through the process of insert-
ing a chimeric antigen receptor into T cells pictured in Figure
4, scientists have increasingly leveraged CRISPR/Cas9 to ge-
netically edit T cells to increase their efficacy, targeting, and
durability . Adoptive T cell immunotherapy, better known as
chimeric antigen receptor (CAR)-T cell therapy, has opened
the door for a flood of new leukemia treatment options?’.
As of 2026, there have been seven CAR-T cell clinical prod-
ucts approved by the U.S. Food and Drug Administration, in-
cluding CD19 antigen-targeting products Kymriah, Yescarta,
Tecartus, Breyanzi, Aucatzyl, and B cell maturation antigen-
targeting products Abecma, and Carvykti?®. CARs are syn-
thetic receptors that typically contain an “antibody-derived
target-binding extracellular domain, a hinge region, a trans-
membrane domain, and an intracellular signaling moiety capa-
ble of activating T cells”?’. Because certain genetic changes
can allow cancer cells to evade T cell recognition, CARs en-
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Table. 1 Comparison of Different CRISPR Screening Designs

Study Wang et al. Yan et al. Li et al. 2022 | Jaiswal et al. | Zhang et al.
2021 2022 2021 2020
Cell Line THP-1 MOLM-13 Nalmé SEM SEM
human AML | AML cells B-ALL cells | (MLL-AF4+) | (MLL-AF4
cell line expressing and Nalmé B-ALL)
stably Cas9 (MLL-AF4-) HOXA9
expressing reporter cells
Cas9 expressing
Cas9
Screen type | Genome-wid | Genome-wid | Genome-wid | Focused Focused
e pooled e pooled e pooled pooled pooled
CRISPR-KO | CRISPR-KO [ CRISPR-KO [CRISPR-KO [CRISPR-KO
fluorescent dropout fluorescent dropout fluorescent
cell-sorting screen cell-sorting screen cell-sorting
screen screen screen
Library size | >78,000 Brunello Brunello 268 sgRNAs | 1639
sgRNAs genome-wid | genome-wid | targeting 36 | sgRNAs
targeting e sgRNA e sgRNA RBP genes, |targeting 163
19,115 library with library with 12 positive TFs, plus 7
protein-codin | ~77,000 ~77,000 control sgRNAs
g genes sgRNA and |[sgRNAand |[genes, and targeting
~19,000 ~19,000 28 DOT1L
genes genes non-targetin | (positive
g controls control) and
100
non-targetin
g controls
Duration 12 days 21 days 14 days 28 days Not reported
Validated Internal KATBA was PAX5 was Uso1, Known
Hits controls, the top AML | the strongest | EIF3E, EPRS | positive
known AML | dependency, | positive showed controls and
regulators, which regulator of | dropout in novel gene
and novel became the | CD58 SEM cells, USF2
genes focus of the | expression
ZFP36L2, study
GFI1,

able T cells to recognize and kill antigen-expressing cells that
were previously undetected. CARs are unrestricted by the
major histocompatibility complex (MHC), which is a group
of genes that are involved in presenting antigens to T cells,
thereby initiating an immune response. CRISPR/Cas9 tech-
nology, with its simple design, flexibility, and high efficiency,
has greatly accelerated the development of CAR-T cell ther-
apy. After a gRNA induces a DNA double-strand break at the
target location, the DNA repairs itself through NHEJ, which
can result in gene knock-outs?’. Another CRISPR/Cas9 edit-
ing method for CAR-T cells involves DNA base-editing. Be-
cause many genetic mutations stem from base-pair alterations
in the DNA, CRISPR/Cas9 has revolutionized CAR-T cell
editing, as it can insert point mutations in cellular DNA with-
out inducing a double-strand break. Currently, there are two
classes of DNA base editors: cytosine base-editors (CBEs)

and adenine base-editors (ABEs). CBEs function by installing
a C-G to T-A mutation, while ABE-mediated DNA editing can
replace an A-T base pair with a G-C base pair at the site of in-
terest. Almost half of all CB edits can be reversed by AB
editing .

Due to their high specificity, stability, and affinity, nanobod-
ies (Nbs) are extremely promising antigen-targeting domains
for CARs, resulting in critical advancements in Nb-CAR-T
cell therapy. Specifically, T cell acute lymphoblastic leukemia
(T-ALL) faces challenges with finding distinct target antigens
to differentiate malignant T cells from normal ones3?. Past
studies demonstrated that CDS5 is a potential option; never-
theless, CD5 expression on CAR-T cells induced fratricide,
which is when T cells destroy each other or healthy cells, re-
ducing its effectiveness. By using CRISPR/Cas9 editing to
knock out the CD5 gene in CAR-T cells, researchers hoped
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Figure. 4 CAR-T cell technique. Researchers first collect T cells from patients’ blood (Step 1). Then, they use CRISPR editing to insert
chimeric antigen receptor (CAR) sequences into the T cells, with the sequence encoding for the specific CAR in the T cell (Step 2). The CARs
help T cells recognize and bind to specific surface antigens on cancer cells (Step 3), resulting in the eradication of malignancies (Step 4).

to prevent fratricide by ensuring that CAR T cells would not
target each other and increase CAR-T cell therapy efficacy. In
2024, Zhu et al. applied Nb to form CD5 CAR and developed
CD5-CAR-Y8T cells and then engineered the YT cells with
CRISPR/Cas9 ribonucleoprotein and electroporation to con-
struct MRNA-CD5-CAR-y8TCP3~ cells, which they hoped
would reduce fratricide. CRISPR was used to knock out the
CD5 gene in y0T cells. Analysis of gene expression also
proved that the KO did not prevent the T cells’ functionality.
In in vitro experiments, Zhu’s team observed that the y§ TP~
cells demonstrated high CAR expression without fratricide.
Not only that, but CD5-CAR-y8T P53~ cells had better recog-
nition than CD19-CAR-y8TP3~ cells. Zhu’s team tested this
new CAR-T cell therapy in vivo in mice with T-ALL cell lines,
and found that mice injected with CD5-CAR-y8TP3~ sur-
vived longer and achieved better sustained remission. Both
these outcomes exhibited the efficacy of CD5-CAR-y§TCP5~
-T cells in vivo and in vitro. Thus, CRISPR’s new applications
to CAR-y0T cell therapies can make existing therapies safer
and more efficient .

Developing CAR therapeutics for AML is more challenging
than for B cell-derived cancers due to AML’s heterogeneity
and lack of AML-unique antigens. Fortunately, CD33, which
is expressed on leukemic blasts and leukemia-inducing cells
in almost 90% of patients, is a promising CAR-based solu-
tion3!. A potential alternative for CAR-T cell therapy is nat-
ural killer (NK) cells, which have a relatively shorter lifespan
than T cells, fewer side effects, and a capacity to kill inde-
pendently of CAR. CAR-modified NK cells have proven to
be able to fight AML in vivo; however, the regulation of im-
mune checkpoints restricts CAR33-NK cell effectiveness. In
particular, malignant cells often overexpress HLA-E, which
engages NKG2A on NK cells to deliver inhibitory signals
that suppress their anti-tumor activity3>. Therefore, multiple
studies have demonstrated that various methods of blocking
the NKG2A-HLA-E axis can improve NK cell cytotoxicity
against multiple myeloma. Taking all of this information into

account, Bexte et al. hypothesized in 2024 that the NKG2A-
HLA-E axis may compromise the effectiveness of CAR-NK
cells; by knocking out the NKG2A-coding gene KRLC1 using
CRISPR/Cas9, they hoped to improve CD33-directed CAR-
NK cytotoxicity. To knock out KRLCI, researchers deliv-
ered a CRISPR/Cas9 ribonucleoprotein complex targeting the
KLRCI locus into CAR33-NK, which are CD33-targeting
CAR-NK cells. Cells with KLRC1 knocked out (CAR33-
KLRCIKO-NK cells) reduced NKG2A surface expression,
which decreased checkpoint inhibitor activity. Assessments
revealed that CAR33-KLRC1KO-NK cells displayed higher
cytotoxicity than unedited cells, without additional changes in
gene and surface marker expression. Bexte’s team performed
in vivo tests in mice to test the CAR33-KLRC1KO-NK cells’
efficacy against CAR33-NK cells without KRCL1 knocked
out. They found that mice treated with CAR33-KLRCI1KO-
NK cells demonstrated a greater reduction in leukemia and
were tolerant of the treatment. Overall, CRISPR/Cas9 gene
editing played a major role in creating CAR33-KLRCIKO-
NK cells, which is a potential breakthrough treatment that can
overcome AML-mediated immune cell suppression, and they
appear to be extremely functional and safe in preclinical in
vitro and in vivo experimentation3.

While CAR-T cell editing has allowed researchers to make
significant strides in current gene editing technology, a signif-
icant limitation in T-ALL happens when healthy cells express
the same surface proteins as CAR-T cell’s targets, contribut-
ing to fratricide. For this reason, base editing has emerged to
allow scientists to install single-base pair changes at defined
genomic loci with high precision and efficiency. A crucial
immunotherapeutic target identified for T-ALL is the surface
receptor CD7. Because CD7 also occurs on most healthy T
cells, CAR-T cell therapy targeting CD7 could lead to inac-
curacy and harmful effects on healthy cells. Alongside this
issue, it is also often difficult to harvest healthy T cells from
the patient themselves, so a donor is preferred. This makes
allogeneic anti-CD7 CAR-T cells the most desirable option
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for T cell leukemia. Diorio et al. employed CBE to de-
velop a quadruple-base-edited allogeneic CAR targeting CD7
(7CARS). They eliminated CD7 expression to prevent fratri-
cide, but also eliminated three other genes to reduce the risk of
GVHD, decrease the chance of immune system rejection, and
to improve function, addressing other CAR-T cell barriers. As
of the study’s publication date, 7CAR8 was the first CAR-T
cell with 4 simultaneous genetic edits heading to the clinical
development phase. Researchers wanted to assess 7CAR8’s
effectiveness in vivo, so they injected mice at three dose levels.
They found that higher doses were correlated with less dis-
ease. In conclusion, base-edited-7CARS was effective in vitro
and in vivo in cell line models, having the potential to combat
T-ALL, demonstrating CRISPR/Cas9’s ability to edit multiple
features of CAR-T cell therapy at once. T-ALL generally has
a poor prognosis, and chemotherapy alone is often ineffective.
Because CBE greatly reduces the number of off-target effects
in comparison to standard CRISPR double-strand breaks, this
editing approach has a high chance of introduction into clini-

cal settings>*.

CAR-T cells can target specific lineage antigens, meaning
antigens found in specific groups of cells, in the absence of
cell surface cancer-specific antigens. However, this approach
lacks efficiency and is restricted to only a few lineage antigens
because targeting an antigen expressed on healthy cells can
result in fratricide. On this basis, Wellhausen et al. wanted
to design a universal CAR-T cell therapy against the pan-
leukocyte marker CD45. CD45 is highly expressed on almost
all leukemias, but it is also expressed on healthy HSCs and T
cells. Thus, the team used a CRISPR CBE to make small nu-
cleotide substitutions on the epitope on CD45, which is the
part of markers that T cells recognize. As a result, edited
cells (BE CAR-T45 cells) ignored edited healthy cells and
continued to recognize and kill leukemia cells, which still ex-
pressed the normal CD45 epitope. Further modifications ex-
panded on-target editing efficiencies to above 90% in primary
human T cells. When BE CAR-T45 cells were tested on an
AML cell line model in mice, leukemia was resolved quickly,
and mice remained tumor free even when AML cells were
reintroduced 3 months later, demonstrating that the BE CAR-
T45 cells could maintain anti-leukemia activity in the long
term. Altogether, these findings illustrate that epitope edit-
ing could become a viable immunotherapy for the treatment
of hematopoietic cancers, illustrating the benefits of CRISPR
editing platforms, such as CBE®.

Though most children with T-ALL can recover from
leukemia after treatment with standardized chemotherapy,
those who fail to achieve complete remission or remain
with minimal residual disease typically advance to allogeneic
stem-cell transplantation (allo-HSCT). However, if even post-
transplantation, the patient relapses, their survival rate drops
to less than 15%3°. Thus, CAR-T cell engineering has be-

come a promising approach to improve patient prognosis. In
addition to cytosine and adenine base-editing, cytidine deam-
ination is another form of CRISPR base-editing. This precise
conversion of cytosine to uracil to thymine, without gener-
ating double-strand breaks, can be used to inactivate certain
genes. In a study conducted by Chiesa et al., the team used
lentiviral transduction on healthy volunteer donor T cells to
express CARs designed to target CD7 (CAR7), a protein ex-
pressed in T-ALL. However, they used cytidine deamination
base editing to inactivate three genes encoding CD52, CD7,
and the 8 chain of the af3 T cell receptor to prevent CAR7-
T cell fratricide, GVHD, and other adverse effects. The team
studied three leukemic patients at different stages of treatment
to determine whether CAR7 T cells can improve prognosis in
relapsed T-ALL, and tests were performed on three patients.
Though there were adverse effects, including cytokine release
syndrome, an inflammatory reaction that occurs when a large
number of immune cells release cytokines; fever; rash; and in-
fectious complications; all achieved potent activity of molec-
ular remission. Most complications were managed with es-
tablished transplant and cell-therapy protocols. Overall, this
study illustrates a CRISPR base-editing’s contribution to a po-
tential treatment option for patients who have failed to com-
pletely remit following cell-transplant therapy. Still, risk fac-
tors remain, along with the chance of serious, life-threatening
side effects 7.

Targeting Epigenetic Mechanisms in Leukemia Through
CRISPR/dCas9 Technology

The epigenome is a layer that sits above the genome, dictat-
ing how and when genes are expressed without altering the
underlying DNA sequence itself. Epigenetic processes con-
trol gene expression, support genomic stability, and regulate
cell development, growth, and differentiation3®. Therefore,
aberrant epigenetic variations can lead to the pathogenesis
of numerous diseases, including leukemia. For example, en-
zymes play a key role in epigenetic mechanisms in gene ex-
pression, where abnormal expression has been shown to trig-
ger dysregulation in cellular networks and eventually cause
cancer. This process has been confirmed in many leukemia
subtypes, as either low or high levels of an epigenetic en-
zyme played a part in carcinogenesis. The two main epige-
netic mechanisms in leukemia are DNA methylation and his-
tone modifications®. In mammals, DNA methylation is the
addition of a methyl group to the C5 position of cytosine,
forming 5-methylcytosine. This process typically happens at
CpG islands, which are the regulatory regions of the genome.
As shown in Figure 5, methylation of these islands can pre-
vent DNA transcription, therefore silencing the gene. DNA
methyltransferases (DNMTs) catalyze this process, involv-
ing “de novo” methyltransferases DNMT3A and DNMT3B,
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and DNMT1, a maintenance methyltransferase. This can ab-
normally silence tumor suppressor genes (Figure 5, Methy-
lated DNA) and activate oncogenes (Figure 5, Hypomethy-
lated DNA), disrupting normal cellular function. Conversely,
histone modifications have been correlated with individual
gene expression profiles in pluripotency, cellular differentia-
tion, and disease modeling. Effector proteins can add covalent
groups, causing acetylation, the addition of an acetyl group on
the lysine or arginine residues by histone acetyltransferases
(HATs), which makes DNA more accessible for gene tran-
scription. But, as shown in Figure 5, histones can also become
methylated, silencing genes. Therefore, dysregulation in his-
tone patterns can activate genes that promote uncontrolled cell
proliferation and prevent the normal maturation of blood cells
(Figure 5, Methylated histones) .

Methylated DNA Reduced expression of

tumor suppressor genes

CpG island
in gene promoter

5-methylcytosine

Hypomethylated DNA Increased expression of

oncogenes Acute leukemia development

e®

CpG island .
in gene promoter

Methylated histones

5-methylcytosine

Transcription factors

| unable to bind to DNA

Figure. 5 Epigenetic variations leading to leukemia. DNA methy-
lates when methyl groups bind to the CpG island in the gene pro-
moter, reducing gene expression. In tumor suppressor genes, this
can lead to leukemia. However, hypomethylation can also lead to
leukemia: increased oncogene expression drives abnormal cell pro-
liferation. Histone modifications where methyl groups are added
to amino acids arginine and lysine result in tightly packed nucleo-
somes that prevent transcription factors from binding to DNA, reduc-
ing gene expression.

Methylation occurs on

arginine and lysine

Beyond screening and gene editing, CRISPR/Cas9’s ad-
vancements have allowed it to expand into epigenome editing.
In particular, CRISPR/deadCas9 (dCas9), a genetic editing
tool that has been discovered in recent years, can be applied to
edit epigenetic modifications. Due to its high efficiency, versa-
tility, and efficacy, it has become the most popular epigenomic
editing technology. By mutating the RuvC and HNH domains,
which induce the double-strand break, the cutting ability of
the Cas9 nuclease can be abolished. The other CRISPR com-
ponents remain the same, including the gRNA and CRISPR
complex. However, this method provides a more versatile al-

ternative to standard CRISPR/Cas9, as it does not cut genes
but prevents gene transcription*!. In the case of DNA methy-
lation, it takes two steps for CRISPR-dCas9 to demethylate
the promoter region. First, the ten-eleven translocation (TET)
enzyme family, comprising TET1, TET2, and TET3, oxidizes
the 5-methylcytosines to 5-hydroxymethylcytosines, then 5-
formylcytosine, and then 5-carboxylcytosine. (Figure 6, Steps
1 & 2). Then, the products from this reaction are replaced with
unmethylated cytosines by a DNA-repair mechanism con-
trolled by thymine DNA glycosylase (TDG) (Figure 6, Step
3). Although targeted methylation and demethylation has been
explored using transcription activator-like effectors (TALEs)
and zinc finger proteins (ZFPs), dCas9 intervention can in-
troduce higher methylation changes in larger genomic regions
due to better editing efficiency, targeting specificity, and pre-
cision***2, There, dCas9 is a crucial technology in regulating
a wide range of epigenomic mechanisms, with proven suc-

cess40.

OO

CpG island
in gene promoter

e @ e @ e @

5-methylcytosine 5-hydroximethylcytosine 5-formylcytosine 5-carboxylcytosine

CpG island
in gene promoter

Figure. 6 CRISPR/dCas9 demethylation process. The dCas9-
sgRNA complex recruits the TET enzymes to the target site
in the DNA (Step 1). The enzymes oxidize 5-methylcytosine
into 5-hydroxymethylcytosine, 5-formylcytosine, and then 5-
carboxylcytosine (Step 2). Lastly, DNA repair protein TDG
demethylates the 5-methylcytosines into cytosines.

CRISPR-KO screens are different from CRISPR interfer-
ence (CRISPRi) or CRISPR activation (CRISPRa) screens.
CRISPR-KO screens use active Cas9 to generate double-
strand breaks to disrupt genes, which allows researchers to
identify genes that are essential for cell survival, disease pro-
gression, or drug resistance. This approach is often preferred
when researchers want to identify therapeutic targets, as dis-
cussed above. However, this type of screening is less suitable
for studying genes because Cas9 cleaves these genes before
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biological functions can be studied. On the other hand, be-
cause CRISPRi and CRISPRa employ dCas9, which does not
cut genes but instead prevents transcription, researchers are
better able to investigate gene function and epigenetic mecha-
nisms *2.

Saunderson et al. sought to apply dCas9 in the hematopoi-
etic system, specifically in DNA methylation (DNAm) main-
tenance following de novo targeting in hematopoietic stem
and progenitor cells (HSPCs). Historically, genetically edit-
ing HSPCs has been utilized to study mutations in AML and
create disease models, but no hits were found to be suffi-
cient to trigger leukemia itself. Thus, the team theorized that
an additional cellular disruption is necessary to promote car-
cinogenesis. Because aberrant p15 (CDKN2B) promoter hy-
permethylation has been discovered in up to 80% of AML
patients, this study wanted to determine if epigenetic alter-
ations contributed to AML and if DNAm changes cell phys-
iology. By editing CDKN2B, which expresses pl5, and an-
other gene expressing p14 using dCas9-3A3L, Saunderson et
al. found that DNAm persisted through myeloid differentia-
tion and long term effects in HSPCs. Furthermore, they ob-
served that epigenetic changes were inherited in myeloid and
lymphoid lineages, demonstrating that p15 methylation affects
hematopoiesis in vivo. Ultimately, CRISPR/dCas9 established
an approach to observe epigenetic changes in HSPC without
permanently modifying the genomes. This method can be
widely applied to in vivo modeling of epigenomic modulation
with dCas9 to achieve a better understanding of the mecha-
nisms that can cause cancer to develop*3.

Though DNAm has profound effects on gene expression
and has been observed in cancer for more than two decades,
the specific function of methylation in certain DNA regions
is poorly understood. Specifically, DNA methylation profil-
ing of DNMT3A-mutant AML patients demonstrated regional
increases and decreases in methylation, with many of the in-
creases unrelated to pathogenesis, while gene expression was
shown only to be slightly associated with changes in DNAm.
Thus, Huang et al. used dCas9 fused to peptide epitopes to es-
tablish a system for targeted DNAm that could function over
an entire CpG island to understand DNAm’s contribution to
DNMT3A-mutant AML. Ultimately, using the HOXAS5 locus,
the team was able to use the dCas9 system to methylate CpGs
and CpHs in a 4.5-kb window, demonstrating the efficacy of
a CRISPR-based tool in studying DNAm function. In the fu-
ture, researchers can broaden their understanding of DNAm’s
role in different genomic regions in carcinogenesis**.

As a result of the telomerase reverse transcriptase (TERT)
gene, most somatic cells, including T cells, have a limited pro-
liferative lifespan. Natural telomere erosion-induced cellular
senescence occurs when the telomeres on the ends of chromo-
somes shorten with every cell division, triggering a DNA dam-
age response that results in a permanent cell cycle arrest®’.

Fortunately, dCas9’s applicability in telomerase-based immor-
talization of cells can directly modify chromatin states or the
epigenome at enhancer regions to achieve stable gene activa-
tion. Huang et al. wanted to harness T cell immortalization
and extend the lifespan of primary T cells to allow them to un-
dergo more rounds of proliferation. Thus, the CRISPR/dCas9-
based epigenetic systems were used to activate the TERT gene
by targeting its promoter to prolong cell division. Following
TERT protein quantification, and using an assay and RT-PCR,
researchers observed a 5.6 times increase in telomerase activ-
ity, while epigenetic modifiers saw a 3.4-fold increase. In-
deed, another assay displayed that activator-transfected cells
exhibited delayed aging compared to a control. Therefore,
the method of CRISPR/dCas9-based epigenetic modifiers and
transcriptional activators to cell immortalization described in
the present study signifies that TERT upregulation in gene-
edited cells can be used to extend the lifespan of primary rest-
ing T cells without permanently altering gene sequences. In
the context of many therapies, including leukemia, this ad-
vancement would increase immune response and make treat-
ment more effective*.

Limitations and Future Directions

While CAR-T therapy has reached regulatory approval for
treatment, current research focuses on expanding its appli-
cation to solid tumors and further hematological cancers.
CAR-T cell therapy is a viable solution for many acute
leukemias, but it remains limited in its scope and poses the po-
tential for serious adverse side effects. One such issue is anti-
gen escape, where single-antigen targeting CAR constructs
are vulnerable to resistance. For instance, though 70-90% of
refractory patients show positive responses to CD19-specific
CAR-T cell therapy in the short-term, follow-up data shows
that the disease can develop a resistance mechanism, along
with antigen downregulation or loss in 30-70% of patients.
Fortunately, scientists are increasingly relying on targeting
multiple antigens, which has shown durable remission rates.
Another limitation is toxicity, as CAR-T therapy carries a risk
of cytokine-release syndrome (CRS) and macrophage activa-
tion syndrome (MAS). Up to 93% of leukemia patients who
have received CAR-T cell therapy had any grade of CRS,
while 46% of patients with B-ALL had Grade 3 CRS. There
has yet to be an approved therapy to mitigate these toxicities,
but several aspects of the CAR structure can be modified to re-
duce them. One such option would be to decrease the affinity
of the antigen-binding domain, thereby increasing the require-
ment for higher antigen density for activation. This would al-
low CAR-T cells to circumvent targeting healthy tissue. Many
more approaches exist, each with its own promising results.
As CAR-T cell therapy progresses, its effectiveness will surely

increase?’.

10 | NHSJS Reports

© The National High School Journal of Science 2026



Along with toxicity and resistance, the FDA also acknowl-
edges that integrating vectors carry a risk of secondary malig-
nancies and T-cell malignancies. Although some research sug-
gests that non-integrating mRNA-based CAR-T evades this
risk, as mRNA is not integrated into the host genome, a
new limitation arises. Negatively charged mRNA cannot dif-
fuse into cells and requires repeated high-dose administration.
To target these problems, researchers utilize lipid nanoparti-
cles (LNPs) to establish mRNA internalization and trafficking,
which outperform electroporation. Ongoing research should
explore sustained-release mRNA delivery systems, mRNA se-
quence optimization, sa/ta RNA, and circ RNA to reduce the
current dosage and administration burden of mRNA-CAR-
T3°. But besides the general dangers of CAR-T cell therapy,
CAR-T inhibition is another obstacle to CAR-T’s effective-
ness in controlling malignancies, particularly B cell cancers.
Checkpoint proteins such as PD1 can reduce T cell cytotox-
icity, so researchers are attempting to combine CAR-T cell
therapy with PD1 inhibitors in mice to test outcomes. Nev-
ertheless, certain mice are not a good model to do these ex-
periments on. In the future, humanized mouse models could
provide a critical alternative for PD1 silencing, increasing the
success of CAR-T cell therapy 3*.

On the other hand, dCas9 can be fused to a variety of ef-
fect domains, which makes it a versatile technology capable of
transcriptional and epigenetic control*®. Though off-target ef-
fects, comparable to CRISPR, occur when dCas9 binds to sim-
ilar sequences that are homologous to the desired sequence,
it has a lower frequency with reversible effects*. Specif-
ically, mismatch reporter assay and transcriptome RNA-seq
approaches have demonstrated that dCas9-effector fusions are
less sensitive to point mutations and can still function while
tolerating up to three mismatches*® . Furthermore, researchers
can reduce off-target effects not only by using online predic-
tion tools to design sgRNA, but by changing Cas9’s structure
to inhibit its ability to bind to partly mismatched gRNA*.
Another shared dCas9 and Cas9 limitation is the necessity of a
PAM sequence for dCas9 target recognition, restricting appli-
cable sites Nonetheless, recent and future discoveries of Cas
proteins that can recognize a variety of PAM sequences would
also expand CRISPR/dCas9 versatility**. Though dCas9 will
never be a natural Cas9 system, researchers can increase the
efficiency and simplicity of dCas9 introduction, streamlining
dCas9 application.

dCas9 is also used in more specific applications like the
previously explained CRISPRi and CRISPRa, where dCas9
is fused with a transcriptional effector or repressor to boost or
reduce target gene expression respectively without editing the
gene. Great potential has been shown in these genetic screens,
emphasized by the recency of these technologies. However,
CRISPRi/a have their own set of drawbacks. In CRISPRIi edit-
ing, targeting of bidirectional promoters can knock down the

two adjacent genes. That’s crucial, as 13% of human genes
have transcription start sites that are dangerously close to each
other. This caveat applies to CRISPRa as well. Researchers
can thus improve sgRNA design and dCas9 constructs to
streamline applications and get over current limitations. In
CRISPRi/a screening, approaches where dCas9 “recruits func-
tional domains for targeted mutagenesis or epigenome editing
by modifying DNA or histones will enable additional ways of
probing genome function in pooled screens”. Not only that,
but CRISPRi/a screening can also be expanded from purely
cancer cell lines to other cell lines, including induced pluripo-
tent stem cells (iPSCs)>°. Though CRISPRi/a systems are
highly successful right now, their uses are limited for in vivo
and ex vivo therapeutic use: the immunogenicity of the Cas en-
zyme limits multiple dosages of dCas9-effectors or steady ex-
pression from persistent vectors. By eliminating immunodom-
inant epitopes in dCas9-effector proteins, researchers can de-
crease this phenomenon. Ultimately, though there is still a lot
more development that can be done with CRISPRi/a systems,
they demonstrate vast applications with limited drawbacks in
functional gene studies and genetic screens>'. Taken together,
CAR-T and CRISPR/dCas9 technologies show strong short-
term efficacy, but toxicity management, delivery optimization,
and reduction of off-target/immunogenic effects remain the
key unresolved challenges before broader clinical adoption.

Conclusion

Leukemia arises from abnormalities in cellular differentiation
that cause immature cells to proliferate uncontrollably, com-
pounded by epigenetic changes that silence tumor suppression
genes and drive leukemia pathogenesis. Standard treatments,
such as chemotherapy and hematopoietic stem cell transplan-
tation (HSCT) remain limited by life-threatening complica-
tions such as tumor lysis syndrome, high relapse rates, and the
frequent unavailability of donors. These obstacles underscore
the need for a therapeutic strategy that is both more compre-
hensive and successful.

CRISPR/Cas9 technology addresses this need by offering
three complementary approaches: genetic screening, CAR-T
cell engineering, and epigenetic editing. First, CRISPR-based
screening helps researchers discover genes crucial to leukemia
progression and to test drug resistance or sensitivity, using li-
braries of hundreds of sgRNAs to knock out, inhibit, or ac-
tivate specific genes across a cell population in both in vivo
and ex vivo models. Second, CRISPR enables the engineer-
ing of CAR-T cell therapy by inserting a CAR sequence that
allows T cells to recognize antigens on cancer cell surfaces,
restoring the ability to target malignant cells that would oth-
erwise evade immune detection. Third, CRISPR/dCas9-based
epigenetic editing can reverse DNA and histone methylation
patterns that silence tumor suppressor genes. Conversely, hy-
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pomethylation also promotes the transcription of oncogenes
that contribute to cancer, increasing the risk of acute leukemia.

Together, these applications position CRISPR/Cas9 as a key

treatment option for leukemia with the potential to overcome
previous shortcomings: it removes the dependency on donor
availability required for HSCT and reduces reliance on the
harsh post-chemotherapy regimens that cause syndromes like
tumor lysis syndrome.. Nonetheless, significant challenges re-
main, including off-target effects, cellular toxicity, inefficient
delivery vectors, and the limited versatility of PAM sequence
recognition. Despite these hurdles, CRISPR/Cas9’s versatility
makes it one of the most promising candidates for translation
into clinical use.
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