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ARTICLEINFO ABSTRACT

Article type: Colorectal cancer (CRC) remains a significant global health challenge, necessitating advanced
Review molecular therapies to improve outcomes. The CRISPR/Cas9 genome-editing platform has emerged
Article history: as a transformative tool in CRC research, enabling precise genomic modifications to suppress tumor

progression, enhance chemosensitivity, and modulate oncogenic pathways. This review highlights
CRISPR/Cas9 applications in CRC models, including MC38 murine and CaCO-2 cell lines, where
targeted gene edits demonstrate tumor-suppressive effects. For instance, Par3L protein knockout
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Keywords: via CRISPR/Cas9 inhibits proliferation, induces apoptosis, and sensitizes cells to chemotherapy by
CRISPR/Cas9 regulating AMPK signaling. Additionally, AAV-mediated CRISPR editing shows promise in HPV16-
Colorectal Cancer (CRC) driven CRC models. Despite its potential, clinical translation faces challenges such as off-target
Gene Therapy effects, immunogenicity, and delivery limitations. Advances in engineered CRISPR variants (e.g.,
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xCas9, HypaCas9) and innovative delivery systems are refining specificity and efficacy. CRISPR/Cas9
also accelerates biomarker discovery, paving the way for precision oncology. Overcoming current
barriers could revolutionize CRC therapeutics, offering personalized treatment paradigms.
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Introduction or perhaps cure several hereditary illnesses by focusing on

The third most common cancer and the fourth leading
cause of cancer-related death globally, colorectal cancer
(CRC), is on the rise, particularly in Western nations. The
lifetime risk is estimated to be 4-5% and is influenced by
factors such as age, lifestyle, and medical history. Dysbiosis,
or imbalances in the gut microbiota, is linked to CRC by
promoting chronic inflammation and tumor growth, with
species such as Escherichia coli, Bacteroides fragilis, and
Fusobacterium spp (1).

In the late 1980s, gene therapy became a novel method of
replacing or repairing damaged genes. Although it may be
used on both plants and animals, its primary focus is treating
humans. Scientists and the pharmaceutical industry are very
interested in gene therapy because it can potentially treat

the underlying genetic causes of disease (2, 3). The CRISPR/
Cas9 system has been developed into a potent gene editing
tool due to extensive study (2, 4-13).

Although extensive genetic research has shed light on the
links between genetic variants and illnesses for many years,
it is still difficult to pinpoint the exact processes by which
these differences materialize as specific ailments. Direct
changes to the genome are necessary to correct mutations to
treat such conditions, but making accurate genetic changes
within the large and complex human genome has always
been a major scientific challenge. Each cell’s nucleus has
almost one meter of DNA, containing thousands of protein-
coding and noncoding genes that comprise the human
genome (14).
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With a focus on precise genome modifications at
specific target locations, genetic engineering has advanced
significantly in recent years. Thanks to these developments
that have transformed the industry, genetic engineering
is emerging as a vital tool in preclinical research and may
someday provide patients with currently incurable illnesses
with new therapeutic choices. The advent of the CRISPR/
Cas9 system (Clustered Regularly Interspaced Short
Palindromic Repeat/CRISPR-associated protein 9) was one
of the most important advancements in genome editing.

This innovative method allows precise and efficient
genome editing or control, providing unparalleled
adaptability. Enhancing our understanding of how genes
function in the human genome and paving the way for
novel therapeutic strategies depend on CRISPR/Cas9 (15).

Through bioinformatics-driven screening, CRISPR/
Cas9-based screening library technology has emerged as a
potent instrument in cancer research. Various experimental
models, such as 2D cell lines, 3D organoids, and animal
models, are commonly used in genome-wide investigations
(16, 17). The advancement of CRISPR/Cas9 technology has
been a major contributor to the increased effectiveness of
CAR-T cell therapy. Dongrui et al’s 2021 study employed
genome-wide screening in CAR-T and glioma stem cells
(GSCs) to identify genetic changes that may enhance
therapeutic outcomes. Their findings demonstrated that
TLE4 and IKZF2 deletion significantly enhanced CAR-T
cells’ anti-tumor activity, suggesting that CRISPR/Cas9 may
enhance cancer immunotherapy (10, 18).

The accumulation of genetic and epigenetic changes that
impact important pathways like Wnt/p-catenin, MAPK,
and PI3K, along with frequent mutations in genes like APC,
KRAS, and TP53, causes CRC. Tumor start, progression,
and therapeutic resistance are all influenced by these
alterations. Many patients with advanced or metastatic CRC
have few treatment choices and low survival rates, even
with advancements in surgery, chemotherapy, and targeted
medications. Current treatments frequently fail to address
the underlying genetic causes and tumor heterogeneity. A
unique approach to directly target and fix mutations linked
to CRC is provided by the highly precise and versatile
genome-editing technology CRISPR/Cas9. One intriguing
avenue for overcoming present therapeutic constraints is its
capacity to model illness and create customized gene-based
therapies (19, 20).

This study intends to thoroughly examine the uses of
CRISPR/Cas9 in CRC research and treatment, emphasizing
its potential in immunotherapy, tumor suppression,
and targeted gene changes. In particular, Scientists have
investigated how well CRISPR/Cas9 functions across various
CRC models, its impact on therapy response, and its role in
modulating key carcinogenic pathways. Along with discussing
the current challenges with CRISPR-based genome editing,
including off-target effects, immunogenic responses, and
transport constraints, we also look at recent advancements in
customized CRISPR variants and nanoparticle-based delivery
systems. Using the most current developments in the field,
this study aims to demonstrate the revolutionary potential of
CRISPR/Cas9 technology in treating CRC and its promise for
precision oncology in the future.

CRISPR-Cas9: Mechanism and application in cancer
research
How CRISPR-Cas9 works: DNA targeting, cutting, and repair
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Target sequence identification, precise endonucleolytic
breaking, and subsequent DNA repair through cellular
mechanisms are the three essential phases in the CRISPR/
Cas9 genome-editing process (21, 22). By attaching itself to
the complementary 5’ crRNA region, the designated single-
guide RNA (sgRNA) acts as a molecular guide, directing the
Cas9 enzyme to the precise genomic sequence of interest.
In the absence of sgRNA, the Cas9 protein is inactive.
Proper placement of the Cas9 nuclease results in a precise
double-strand break (DSB) three base pairs upstream of the
protospacer adjacent motif (PAM)(22).

Directly downstream of the cleavage site is a conserved
DNA sequence called PAM, which typically has two to
five base pairs. The type of bacteria determines its exact
length and composition. The PAM sequence, which is
frequently encoded as 5'-NGG-3' (where “N” stands for
any nucleotide), is recognized and bound by the Cas9
protein, the most widely used nuclease in genome-editing
applications. When Cas9 locates a target sequence next to a
suitable PAM and initiates local DNA unwinding, an RNA-
DNA hybrid is produced (22).

The exact chemical mechanism underlying this DNA
melting process is unknown. Cas9 is activated to break
DNA when the target has been successfully identified. The
enzyme’s HNH domain cuts the complementary DNA
strand to the guide RNA after the RuvC domain cleaves the
non-complementary DNA strand, resulting in DSBs that are
mostly blunt-ended. These breaks are subsequently repaired
by the host cell's regular DNA repair mechanisms (Figure
1)(23,24).

Applications in cancer research: Gene knockout, correction,
and screening

In particular, CRISPR-based gene editing provides
valuable insights into altered glucose, lipid, and amino
acid metabolism, mitochondrial function, and energy
production, shedding light on the complex processes of
metabolic reprogramming in cancer cells. This technology,
especially gene knockout, holds great promise for clinically
targeting tumor-related genes. It enables precise alterations
of both tumor suppressor genes and oncogenes, supports
the identification of new therapeutic targets related to
cancer stem cells (CSCs), and deepens our understanding of
metabolic disruptions in cancer (27, 28).

Subsequent investigation revealed that PUMI1 is required
to regulate DDXS5, positively improving cell survival.
According to these results, PUM1 and DDX5 expression
reduction may reduce tumor cell survival, which makes
them promising therapeutic targets to make colon cancer
cells more susceptible to trastuzumab therapy (Table 1)(27,
29).

WHSC1 has been demonstrated to be an oncogenic
factor and transcriptional target of HMGA2, and both
HMGA?2 and WHSC1 regulate the proliferation of cancer
cells. This connection increases the likelihood of metastasis
and promotes the growth of cancer cells. Targeted CRISPR-
mediated deletion of WHSCI in colon cancer cells has
been shown to inhibit the growth of tumor cells, enhance
sensitivity to treatment medications, and significantly
reduce the tumor cells’ capacity to spread (27, 30).

The TFAP2A gene encodes activated protein 2a (AP-2a),
a tumor suppressor implicated in the transcriptional control
of colon cancer. Beck et al. used shRNA and CRISPR/Cas9
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Figure 1. CRISPR/Cas9 genome editing mechanism

This figure illustrates the three key steps of the CRISPR/Cas9 gene-editing process: (9)
Target Sequence Identification: Cas9 is guided to the target DNA sequence next to the
PAM site by the sgRNA (25). Cas9 causes a DSB at the target site in a process known
as precise endonucleolytic cleavage (26). The repair processes Homology-Directed
Repair (HDR) and Non-Homologous End Joining (NHEJ]), which result in genetic
alterations such as insertions, deletions, or mutations, are highlighted in subsequent
DNA repair via cellular mechanisms (9, 25)

to suppress TFAP2A expression in HCT116 and other
colon cancer cell lines. Tumor cells demonstrated resistance
to the PI3K inhibitor buparlisib (BKM120) when AP-2a
expression was decreased, suggesting that elevated AP-2a
levels may increase tumor cells’ susceptibility to buparlisib/
BKM120 therapy (26, 27).

Specific genes implicated in CRC targeted by CRISPR

It is well-accepted that CRC is a diverse disease caused
by various genetic alterations and the activation of several
oncogenic pathways (30). The most common are KRAS
mutations, which occur in around 40% of cases, and BRAF
mutations, which occur in about 10% of cases (31, 32).

Patients with KRAS or BRAF mutations frequently
have worse survival rates and have reduced responsiveness

Table 1. Comparison and difference of CRISPR editing techniques
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to a range of treatment modalities, including radiation,
chemotherapy, targeted therapies, and immunotherapy, in
comparison to those with wild-type genotypes (31-40).

Researchers used a CRISPR-Cas9 gene knockout library to
identify the histone lysine demethylase PHF8 as a promising
immunotherapeutic target. By transcriptionally up-regulating
the expression of KRAS, BRAF and c-Myc, we demonstrate
that PHF8 predominantly has an oncogenic effect in KRAS-
or BRAF-mutant CRC cells but not in wild-type cells. We
do this by effectively suppressing the growth of tumors by
reducing the expression of PD-L1. According to these results,
cells with BRAF or KRAS mutations may benefit from PHF8
as a therapeutic target (Table 2)(Figure 2)(31).

Promises of CRISPR-Cas9 in CRC therapy

Lung-directed CRISPR gene editing highlights therapeutic
potential for CRC lung metastases while underscoring the
limits of NSCLC-based models

Includes TP53, KRAS, and APC gene alterations
connected to CRC. One of the leading causes of non-small
cell lung cancer (NSCLC) in humans is a combination of
activating mutations in important parts of the MAPK
pathway, particularly KRAS changes and TP53 deletion.
We compared the Rosa26Sor-CAG-Cas9-IRES-eGFP mice
(C57BL6/] background) infected with an AAV expressing
sgRNA to target Trp53 and induce a KRasG12 mutation
with the standard Trp53fl/fl:KRaslsl-G12D/wt mouse
model (C57BL6/] background, KPGEMM) infected with
an AAV carrying Cre recombinase to evaluate the potential
of CRISPR/Cas9 gene editing in simulating NSCLC in
vivo. Prior research has demonstrated that in vivo CRISPR-
mediated genome editing provides few off-target changes
and great precision (50-52).

Twelve weeks following the intratracheal administration
of virus-containing solutions, both KPCRISPR and
KPGEMM mice developed tumors; tracheal and oral
examination of the infected mice showed no signs of off-
target tumor formation; and there were no appreciable
differences between KPGEMM and KPCRISPR in terms
of tumor cell proliferation, as indicated by the percentage
of proliferating cell nuclear antigen (PCNA)-positive
cells within the tumors, or tumor burden, as assessed
by hematoxylin and eosin (HE) staining. The AAV-DJ
variant, which was produced by capsid shuffling many AAV
serotypes, had the highest infection effectiveness in CRC
models among the evaluated modified adeno-associated
virus (AAV) vectors (53). By combining tropisms from
AAV serotypes 2, 8, and 9, this hybrid capsid circumvents
pre-existing immunity and allows for wider tissue targeting
(52).

Then, we looked at any differences in tumor grade

Feature CRISPR/Cas9 Base editing Prime editing Reference
Mechanism Creates double-strand breaks ~ Direct nucleotide conversion  Precise small edits without DSBs

Editing efficiency Moderate High High

Oft-target effects High Low Very low @
Applications Gene knockout, large edits Single-nucleotide corrections Small insertions/deletions
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Table 2. Applications of CRISPR technology in CRC research and therapy

Category Target/Application Mechanism Outcome/Impact Clinical potential Reference
. . CRISPR knockout or activation Discovery of novel therapeutic Guides the development of
e Functional genomics screens for .~ " ) i
Target identification libraries identify genes essential for  targets (e.g., oncogenes, tumor targeted therapies and (22,27)
CRC-related genes i K
tumor growth or drug resistance Suppressors) biomarkers
CRISPR knocks out or edits oncogenes Reduced proliferation, invasion, Potential to target "undruggable”

O inactivati O .g., KRAS 42
neogene inactivation neogenes (¢.g ) to inhibit tumor growth and metastasis of CRC cells oncogenes like KRAS “2)
Tumor suppressor Tumor suppressor genes (e.g., CRISPR corrects mutations or restores Enhanced apoptosis and reduced Restores normal cellular (43, 44)

reactivation TP53, APC) the function of tumor suppressors tumorigenicity regulation in CRC ’
CRISPR knocks out immune
Immunotherapy Immune checkpoint molecules checkpoint genes in T lc]ellls t© Znhance Improved T-cell-mediated killing Boosts efficacy of adoptive cell (41, 45, 46)
1] > >
enhancement (e.g., PD-1, CTLA-4) P g, . of CRC cells therapies (e.g., CAR-T cells)
anti-tumor activity
CRISPR di t ferri
. Drug resistance genes (e.g., . 1STUPLS genes conlerring Sensitizes CRC cells to existing Improves response rates to
Drug resistance reversal resistance to chemotherapy or targeted . (47)
EGFR, ABC transporters) R treatments standard therapies
therapies
CRISPR edit: in the t
Microenvironment Stromal cells, cytokines, and . .e 11 genes In the tumor Enhanced T-cell infiltration and Complements immunotherapy
X X microenvironment (TME) to reduce (48)
modulation hypoxia-related genes . ) reduced tumor growth and reduces CRC recurrence
immunosuppression
- . Patient-specific mutations (e.g,, ~ CRISPR corrects or edits patient- ~ Personalized therapy tailored to Paves the way for individualized
Precision medicine (49)

APC, KRAS)

specific mutations in CRC cells

individual genetic profiles CRC treatments

between KPCRISPR and KPGEMM. According to the
established categorization system for mouse NSCLC, both
models had comparable distributions at every stage, from
stage I atypical alveolar hyperplasia (AAH) to stage IV (52,
54, 55).

The genetic targeting approach did not affect overall
animal survival over the 12-week study period following
intratracheal injection. Sanger sequencing of the targeted
genomicareas verified the genetic changes caused by CRISPR
gene editing (Table 3). The success of KRas targeting was
shown by the detection of the KRasG12D HDR template
integration. Sanger sequencing revealed that CRISPR

editing changed or eliminated the length of the Trp53 gene.
The KRasG12D mutation activated the MAPK pathway, and
both KPGEMM and KPCRISPR tumors exhibited elevated
phosphorylation levels of MAPK1/3 (p-Erk1/2) compared
to the surrounding non-tumor tissue. Similar expression
patterns were observed in both groups when analyzing
lung-specific markers, such as the tracheal club cell marker
Scgblal (CC10), the alveolar type II marker surfactant
protein C (SftpC), and the adenocarcinoma marker thyroid
transcription factor-1 (TTF1). However, a key difference
emerged: KPGEMM tumors expressed the basal stem and
squamous cell carcinoma marker Krt5, while KPCRISPR
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Functional Qutcomes )

=
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Figure 2. CRISPR/Cas9-based gene editing strategies in colorectal cancer

This schematic representation summarizes the spectrum of gene targets, editing approaches, and functional outcomes in CRISPR/Cas9 applications for CRC. Gene targets are
categorized by therapeutic goal: oncogene inactivation (KRAS, MYC, BRAE, WHSC1), tumor suppressor reactivation (TP53, APC, TFAP2A), drug resistance reversal (EGFR,
ABCG2, PUMI, DDX5), immune modulation (PD-1, CTLA-4, PHF8), and microenvironmental modification (Fut4, Fut9, TGF-f). Editing approaches include gene knockout
using Cas9/sgRNA, transcriptional activation via dCas9-VPR, base and prime editing for precise corrections, and CRISPR screening for functional genomic analysis. Functional
outcomes include reduced tumor cell proliferation, enhanced apoptosis, blocked metastasis, and restored drug sensitivity, highlighting CRISPR/Cas9’s role in precision oncology

(26,27, 31, 41)
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Table 3. Delivery strategies for CRISPR/Cas9 in colorectal cancer (CRC) therapy

Delivery Method Advantages Limitations CRC-Specific Challenges Mitigation Strategies Clinical Research Status (CRC) ~ Reference
re-existing immunity (30 1. Capsid engineering to avoid
-existi uni -
X X P 8 R Y Liver tropism restricts the NAbs (AAV-DJ, AAV-LK03)  Preclinical for CRC (CRC) (e.g.,
High efficiency, 60% of CRC patients), and - . )
. . ability to target tumors, and 2. IdeS enzyme or plasmapheresis HPV16-driven tumor
AAV long-term limited cargo capacity (<4.7 . o A . (10, 65-68)
expression Kb) neutralizing antibodies to remove NAbs suppression); phase I for genetic
P (NADbs) decrease effectiveness 3. Promoters unique to tumors diseases (NCT04601051)
(such as CEA-driven)
1. Conjugation of hyaluronic acids .
KRAS-targeted LNPs in PDX
. . Permeation is hindered by (e.g., CP/Ad-SS-GD/RNP) argete s
. ) ) Low transfection efficiency models are an example of
Lipid nanoparticles Non-viral, safe, X A dense CRC stroma (collagen I: 2. Collagenase and other ECM- . .
(LNPs) Jabl (~10-15%) in solid tumors 120180 we/ma i ) difyi Zvmes preclinical, phase I/II for genetic (69, 70)
scalable - modifying enzyme:
ug/mg issue Hying enzy! illnesses (NCT05232955)
3. PEGylation to improve blood
flow
1. Optimized pul ters 2.
Direct restricted to tumors that are p uglze bPu se parirll;ne ers Trials of ex vivo T-cell editing
irect genome ombination wif
Electroporation 8 High cytotoxicity, invasive easily accessible (e.g., surface (NCT05309733); not yet for in (71,72)

targeting

restricted tumor selectivit;
Polymeric Improved stability, . . 4
X .’ and possible accumulation
nanoparticles tunable properties

in the liver

Immediate gene

CRISPR RNP
s editing, minimal

(Ribonucleoproteins)

Minimal off-targets,

transient activity metastases

off-targets

metastases)

In hypoxic CRC locations,
poor penetration

Quick removal of liver

immunomodulators (e.g., anti-

PD-1) vivo CRC

1. Ligand conjugation (transferrin,
folate, etc.
olate, etc) No CRC-specific studies have yet
2. Polymers that react to pH for
TME targeting

3. Delivery in conjunction with

been conducted; preclinical (e.g., (73)
PLGA-CRISPR in organoids)
stroma-modulators
1. RNPs targeted by peptides or
antibodies (such as anti-EGFR) 2.
Stabilizing supramolecular
polymers

NCT05210530, the first-in-
human study; preclinical success (74, 75)

in liver metastases of CRC

tumors did not. Notably, Krt5 was positive in KPGEMM
tumors, while Sox2, a marker linked to squamous cell
carcinoma, was absent in all samples. Only the basal cells of
the trachea showed positive staining, indicating that tumor
cells were co-expressed rather than suggesting squamous
growth had occurred. Lastly, when the two models were
examined for metastases, neither revealed any significant
abnormalities or metastases in distant organs such as the
liver, pancreas, or intestine (52).

Theoretically, introducing changes into the AAV capsid
that inhibit NAb binding is the most attractive way to get
around the problem of pre-existing NAbs. However, the high
degree of cross-reactivity between AAV serotypes (56, 57)
demonstrates how difficult it is to accomplish this. However,
it has been shown that adding point mutations to the AAV2
capsid might lessen these mutant viruses' susceptibility to
neutralization (58). However, a significant portion of all
neutralizing antibodies against the virus are targeted at the
receptor binding domain or domains, which is the case for
most viruses and most likely AAV. Mutations in the receptor
binding region(s) are, therefore, likely to impact viral
tropism and/or transduction efliciency, but they may also
be the most effective way to improve neutralization.

Only in patients with low NAb titers has traditional
plasmapheresis, which eliminates all immunoglobulins,
shown some promise in reducing the majority of NAbs
from patient sera (59). Furthermore, eliminating all
immunoglobulins has disadvantages of its own. As of late,
Bertin et al. (60) and Orlowski et al. (61) have shown that
by incubating IVIG or human sera with beads with AAV
particles covalently attached, neutralizing antibodies/
factors may be eliminated in vitro. Furthermore, we were
able to show that using these beads to perform hemapheresis
may completely restore liver transduction in animals with
NAb titers that exhibit none to very little transduction in
the absence of hemapheresis (61). The recovery of cardiac
and, particularly, skeletal muscle transduction was less

Iran J Basic Med Sci, 2025, Vol. 28, No. 10

severe, most likely due to NAbs returning to the circulation
from the extracellular fluid. Unfortunately, we could not do
numerous rounds of hemapheresis over several days due
to technical constraints (61). Humans can easily undergo
numerous rounds of hemapheresis over a few days (59).
Therefore, humans could quickly surpass the rebound
constraint in rats. Future studies using large animal models,
especially non-human primates, may demonstrate the
effectiveness of this strategy.

The streptococcal cysteine protease imlifidase (IdeS),
which can cleave IgG into F (ab’) 2 fragments and Fc, was
recently exploited by Mingozzi and associates (62, 63). After
a 24-hr incubation period, total IgG and anti-AAV8 IgG
were completely digested following IVIG treatment with
IdeS. Furthermore, Leborgne ef al. eliminated the expression
of either human FIX (hFIX) or secreted Gaussia luciferase
when they passively vaccinated mice with human IVIG and
then injected them with AAVS8 expressing either hFIX or
secreted Gaussia luciferase a day later. However, if the mice
were given human IVIG on day 0 and IdeS 30 min later, and
then AAVS8 encoding secreted Gaussia luciferase or hFIX 1
day later, the blood levels of the luciferase or hFIX expression
were identical to those of naive mice (63). Remarkably, IdeS
therapy permitted vector re-administration with the same
AAV variant (AAV-LK03) in addition to the transduction of
NHPs with pre-existing neutralizing antibodies (63).

Asokan and associates used IdeZ, a homolog of IdeS
generated by an alternative streptococcal strain. This
study might also show that transduction of mice passively
inoculated with IVIG is possible when IdeZ is administered.
Additionally, they found that an NHP with pre-existing
neutralizing antibodies that had previously had an IdeZ
injection was successfully transduced with HPV (64).

CRISPR-Based Immunotherapy

Enhancing T-cell response against CRC tumors
The presence of CD3+ and CD8+ cytotoxic T cells within
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the tumor core or at its edges, known as the immunoscore,
is one of the most reliable prognostic indicators for
both recurrence and overall survival in CRC. The tumor
microenvironment (TME) is a critical component in both
cancer progression and tumor eradication. The complicated
interactions between cancer cells and different non-tumor
cells, such as innate and adaptive immune cells, make CRC
more than merely a hereditary illness (76, 77).

A prior study by the International Society for
Immunotherapy of Cancer (SITC) involving 1,885 patients
with stage I-II colon cancer found that the presence of
T cells within the tumor core or at its edges is associated
with a longer recurrence-free period and improved overall
survival, even in smaller tumors (78).

Even in patients without apparent metastases, the
presence of CD3+ and CD8+ cells was found to be a good
prognostic predictor. In a different study, the same team
showed that 763 patients with stage III CRC with a high
immunoscore had a greater overall survival rate and a
decreased probability of recurrence, highlighting the crucial
role T cells play in CRC prognosis (76, 77).

CD8+ and CD4+ T cells are the predominant immune
cell types involved in CRC. Most T cells express a T cell
receptor (TCR) composed of alpha and beta chains. During
their development in the thymus, autoreactive T cells
are eliminated through apoptosis as part of a selection
process that trains them to distinguish self from non-self.
Once mature, naive T cells migrate to secondary lymphoid
organs, where they are activated by antigen-presenting
cells (APCs). In tumor-draining lymph nodes, activated
APCs, particularly dendritic cells, present tumor antigens
via MHC class I molecules to CD8+ T cells and via MHC
class II molecules to CD4+ T cells. This antigen-specific
interaction triggers the differentiation of cytotoxic CD8+
and helper CD4+ T cells into effector cells, initiating a
strong and targeted immune response (77, 79).

The role of conventional CD4+ T cells, which expressa T
cell receptor composed of alpha and beta chains, is complex
in the context of CRC. This complexity arises from the
presence of multiple T helper cell subsets, each carrying out
unique functions. While some subsets contribute to anti-
tumor immunity, others may support tumor progression.
Moreover, CD4+ T cells exhibit considerable plasticity,
allowing them to quickly adapt their behavior in response
to environmental cues (77, 80, 81).

For example, Th17 cells can change and adopt traits from
other T helper cell types (77, 82). CD4+ T cells differentiate
into effector and memory T cells upon APC activation (77,
83).

Three essential signals are required to activate and
polarize a naive CD4+ T cell: (I) the T cell receptor’s
interaction with the APC’s MHC class II complex; (II) a co-
stimulatory signal that is not dependent on the antigen, such
as the interaction between the T cell's CD28 molecule and
the APC’s CD80/CD86 molecules; and (III) environmental
cytokines, which are produced mainly by the APCs (Figure
3A)(77).

CRC tumors are known for having a “cold” or
immunosuppressive microenvironment that limits the
effectiveness of the immune system’s response to the cancer.
For example, CRC tumors often express PD-L1 on their
surfaces, which binds to PD-1 on T-cells, inhibiting the
immune systems ability to kill the tumor cells.
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Figure 3. CRISPR/Cas9-enhanced immunotherapy strategies for colorectal
cancer (CRC). This figure illustrates the immunological basis and genetic
engineering potential of CRISPR/Cas9 in enhancing T-cell-mediated
responses against colorectal tumors

(A) Naive T Cell Priming in CRC: T-cell priming is the process where immune cells
called T-cells are activated by APCs (antigen-presenting cells), which present cancer-
specific signals, in this case, those linked to CRC, to the T-cells. CRC tumors often
express specific tumor antigens, such as carcinoembryonic antigen (CEA), which
T-cells recognize. The lymph nodes near CRC tumors are the sites where T-cells first
encounter these antigens. The key point is that the immune system’s initial T-cell
response to CRC-specific antigens is often hindered by the tumor’s ability to escape
immune detection. CRISPR technology can potentially enhance this initial T-cell
activation by modifying T-cells ex vivo to make them more responsive to CRC tumor
antigens.

(B) Ex Vivo CRISPR Editing of T Cells: This part explains how CRISPR/Cas9 can be
used to genetically modify T-cells outside the body (ex vivo) before reintroducing
them to target the tumor. The focus is on immune checkpoint molecules like PD-1 and
CTLA-4, which are frequently up-regulated in CRC tumors to prevent the immune
system from attacking the cancer cells. CRC tumors often express PD-L1, an immune
checkpoint protein that binds to PD-1 on T-cells and inhibits T-cell activity. In CRC,
this results in “immune escape,” where the tumor evades immune destruction. By
editing the T-cells to knockout PD-1 or CTLA-4 using CRISPR, we can enhance T-cell
cytotoxicity and restore the immune system’s ability to fight cancer. CRISPR gene
editing allows for the knockout of these inhibitory molecules (like PD-1) on T-cells,
thereby overcoming the tumor’s mechanisms of immune suppression. CRISPR can
up-regulate beneficial cytokines (e.g., IL-12) or down-regulate immunosuppressive
factors (e.g., TGF-P), often abundant in CRC’s tumor microenvironment

C) Within the Tumor Microenvironment: This section emphasizes how CRISPR-
edited T-cells behave once they infiltrate the tumor microenvironment. The tumor
microenvironment in CRC is often immunosuppressive, with factors like TGF-p and
the expression of PD-L1 that suppress the immune response

After CRISPR edits, T-cells reintroduced to the body can
overcome these immunosuppressive signals. For example,
by knocking out PD-1 in T-cells, even if the tumor still
expresses PD-L1, the T-cells can continue to attack the
tumor. Additionally, by modulating cytokine levels, such
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as up-regulating IL-12, CRISPR-edited T-cells can promote
a more active immune response. By reducing TGF-p, the
edited T-cells can avoid the immune suppression typical of
the CRC tumor environment. Impact on Immunoscore and
Patient Prognosis: The changes in T-cell behavior contribute
to the “Immunoscore,” which is a clinical measure of
immune activity within tumors. A high Immunoscore is
correlated with better outcomes in CRC patients, such as
improved survival and reduced recurrence. The CRISPR-
edited T-cells, with enhanced anti-tumor activity, can lead
to an improved Immunoscore and better clinical outcomes
for patients with CRC (41, 76, 77, 79).

CD4+ T cells develop into diverse subsets in CRC,
including follicular helper cells (Tth cells), induced or
natural regulatory T cells (iTregs and nTregs), Thl, Th2,
Th17, and Th22. Specific transcription factors, including
T-BET for Thl cells and GATA-3 for Th2 cells, as well as
unique cytokines, such as IL-4 from Th2 cells or IL-17 from
Th17 cells, define these subsets apart. Furthermore, specific
chemokine receptors and signal transducer and activator of
transcription (STAT) proteins help define the roles of each
subgroup (77, 80, 84).

As discussed, T helper cells, especially Th17 cells, are
very malleable. Th17 cells generated in vitro can mature
into Th1 cells that release IFN-y in conditions like colitis
following adoptive transfer (77, 85, 86). Interleukin 22 (IL-
22) has been linked to chemotherapy resistance in CRC
patients (87) and promotes tumor formation in CRC mouse
models (77, 88, 89).

In lab settings, the cytokine transforming growth factor-
beta (TGF-B) prevents Th22 cell development, whereas, in
vivo organisms, it increases Th17 cells’ IL-22 production
(90). As a result, Th17 cells can differentiate into Th22 cells.
Tregs may also shift phenotypically; by down-regulating
FOXP3 expression, they can become ex-Tregs resembling
Th1 or Th17 cells (77, 91, 92).

Thl cells and the cytokines they generate are linked
to a better prognosis in CRC. Thl cells contribute to this
by inhibiting the development of cancer cells, partly by
lowering angiogenesis, attracting cytotoxic CD8+ T cells,
and producing senescence, which promotes the death of
cancer cells (77, 93-95).

While Th1 cells stimulate CD8+ T cell activation, which
aids in the anti-tumoral response (66), they also secrete
IFN-y, which increases the expression of checkpoint
inhibitors like PD-1 on CD8+ T cells (96, 97).

There is ongoing discussion on Th2 cell involvement in
CRC. Th2 cytokines, or pro-inflammatory molecules, such
as IL-4, IL-5, and IL-13, aid in sustaining inflammation,
which can subsequently encourage the emergence of
inflammation-related malignancy (98, 99)(Figure 3).
However, Th2 cytokines may attract eosinophils, which
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have anti-tumoral properties and might help slow cancer
progression by promoting changes in the tumor’s vascular
structure (Table 4)(77, 100).

Despite encouraging in vitro evidence, CAR-T trials in
CRC show glaring translational limitations. Dongrui et al.,
for instance, demonstrated 90% cytotoxicity in cell lines
(101). However, their xenograft models failed to account
for the immunosuppressive CRC tumor microenvironment
(TME), which contains PD-L1+ myeloid cells and TGF-f
(2.1-4.8 ng/ml)(102). Since just two Phase I studies focus
on CRC and fifteen on leukemia, this neglect is clinically
relevant and reflects unsolved issues in target validation.
Additionally, there are contradictory findings on EpCAM-
targeting CAR-Ts: one study observed significant on-target
toxicity in normal intestinal epithelia (103), while another
study reported regression in peritoneal metastases (104).
These differences highlight the necessity for subtype-specific
designs considering CMS categorization (105).

Delivery challenges
Efficiency of in vivo and ex vivo delivery methods

Gene delivery methods for in vivo applications are
generally divided into two main categories: synthetic non-
viral vectors and viral vector systems. These approaches can
be used either locally or systemically. Although viral vectors
are highly efficient at delivering genetic material into target
cells, their clinical use is often restricted due to potential
cytotoxicity and immune system activation (110-114).
Incorporating the CRISPR/Cas9 system into viral vectors is
another major challenge. One noteworthy drawback of the
widely used AAV vector is its small cargo capacity; it can
only hold a maximum of 4.7 kilobase pairs (kbp)(110, 115).
Even though SpCas9 and sgRNA may be co-delivered in a
single vector, there is little room for donor repair templates
and crucial regulatory components due to the limited
packing capacity (110, 116, 117).

This constraint can be circumvented by using a shorter
version of SpCas9 to reduce its genomic footprint (118,
119). Another option is to divide SpCas9 into two distinct
domains, each managed independently (78).

More compact Cas9 orthologs, including SaCas9, which
is about 3.2 kilobase pairs in size, can also be used instead of
SpCas9 (110, 120, 121).

Unlike viral vectors, synthetic non-viral delivery systems
are less likely to trigger immunological responses and lack
the viral machinery needed to incorporate foreign genetic
information into the host genome (122). Additionally,
it is easy to expand their cargo capacity so that the
components of CRISPR/Cas9 can be supplied straight as
a ribonucleoprotein (RNP) complex (110, 123, 124) or to
combine the donor template, Cas9 nuclease, and sgRNA
into a single construct (125, 126). Another advantage of

Table 4. CRISPR-based approaches in enhancing colorectal cancer (CRC) immunotherapy

Strategy Target

Mechanism

Expected outcome Reference

Immune checkpoint editing PD-1
Cytokine modulation

CAR-T cell engineering KRAS, HER2

Knockout of inhibitory checkpoints
IL-2,1L-12, TGF-p CRISPR-induced overexpression/suppression Improved immune activation

Enhances tumor-targeting specificity

Enhanced T-cell response (106)
(43,107, 108)

Increased tumor cytotoxicity (109)
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synthetic vectors is their scalability, which makes large-scale
manufacturing effective (127, 128). Compared to viral-based
techniques, this strategy’s very poor gene delivery efficiency
is a significant disadvantage (110, 122, 129). Because of
their increased delivery efficiency and reduced potential for
unwanted systemic effects, viral vectors remain the favored
choice for the bulk of gene therapy clinical studies despite
growing interest in synthetic vectors (110, 130, 131).

Significant progress has been made in the clinical
translation of CRISPR/Cas9 for CRC, with many delivery
systems now undergoing clinical studies. For example,
Intellia Therapeutics and Editas Medicine are leading
the way in the in vivo delivery of CRISPR using lipid
nanoparticles (LNPs) and AAV vectors. The viability and
safety of systemic CRISPR delivery have been established
by Intellias NTLA-2001, an LNP-formulated CRISPR
treatment for transthyretin amyloidosis (132). Similarly, the
promise of viral vectors in precision gene editing is shown
by Editas’ EDIT-101, an AAV-delivered CRISPR treatment
for Leber congenital amaurosis (133).

Non-viral delivery of CRISPR/Cas9 components can be
achieved by linking the sgRNA-Cas9 complex to specific
peptide sequences or encapsulating the genetic material in
carriers made from lipids, polymers, or inorganic materials.
Delivering CRISPR/Cas9 as a ribonucleoprotein (RNP)
complex using synthetic vectors offers a key advantage:
it shortens the exposure time to the editing machinery,
thereby minimizing the risk of off-target effects (110, 124,
125, 134). Furthermore, by adding surface ligands that
identify and bind to specific receptors expressed on target
cells, synthetic vectors may be created for targeted delivery
to specific cell populations in vivo (110, 135, 136). These
ligands enable accurate differentiation between healthy and
malignant tissues and can be made of chemical compounds,
antibodies, aptamers, or proteins/peptides (135, 136).

One recent study illustrating the efficacy of this approach
is the coupling of folic acid molecules to polyethylene
glycol-succinyl-Chol liposomes, which enabled precise
targeting of CRISPR/Cas9 vectors to ovarian cancer cells
due to their overexpression of folate receptors (110, 137,
138). Folic acid ligands and folate receptors help cellular
absorption by endocytosis and the subsequent intracellular
release of the gene-editing components by extending the
distance between the vector and the target cell (138, 139).
Similarly, transferrin ligands have been added to the surface
of liposomal carriers to target ovarian cancer cells that
express many transferrin receptors (110, 140, 141).

Furthermore, by allowing them to pass through the blood-
brain barrier and alter genes in glioblastoma-associated cells,
peptides or antibodies, like Angiopep-2, may be coupled
to synthetic vectors to enhance these targeted delivery
methods even further (142-144). Additionally, sophisticated
cell-based screening methods like systematic evolution of
ligands by exponential enrichment (SELEX) have produced
new cell-type-specific aptamers, single-stranded DNA or
RNA oligonucleotides that function as recognition elements
to target osteosarcoma cells specifically in vivo (Figure 4A)
(110, 145).

Comparisons of current delivery systems need careful
consideration. While AAV-DJ has extensive tropism in
vitro (150), neutralizing antibodies seen in 60% of CRC
patients (151) and payload limitations (<4.7 kb) that hinder
base editor distribution (152) restrict its practical utility.
Although scalable, LNPs have low penetration in the thick
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Figure 4. Delivery strategies and barriers for CRISPR/Cas9-based
therapeutics in colorectal cancer (CRC)

Panel (A) compares four major delivery methods for CRISPR/Cas9 systems:
ribonucleoprotein  complexes  (RNPs), adeno-associated  viruses (AAV),
electroporation, and lipid nanoparticles (LNPs). Each method is assessed for efficiency,
immune risk, targeting specificity, and the duration of gene expression. RNPs offer
high editing precision with minimal immunogenicity and transient activity, making
them suitable for ex vivo or short-term in vivo applications. AAV's provide efficient and
long-lasting delivery but are limited by immune recognition and packaging capacity
(~4.7 kb). Electroporation achieves high ex vivo delivery rates but lacks targeting
specificity and can cause cell damage. LNPs present a tunable and low-immunogenic
platform for in vivo applications, although they tend to have only moderate efficiency.
Panel (B) illustrates the biological and physiological obstacles to the efficient delivery
of CRISPR/Cas9 in vivo for CRC. These include the reticuloendothelial system (RES)
for immune detection and clearance, the compact extracellular matrix of colorectal
tumors that limits tumor penetration, off-target accumulation in non-tumor tissues
like the liver, and the relatively low vascular permeability in CRC, which limits the
extravasation of nanoparticles. Potential strategies to overcome these barriers include
using ligand-functionalized nanoparticles targeting specific receptors on tumor cells
(e.g., folate or transferrin receptors) and adopting compact or split-Cas9 systems to
circumvent delivery size constraints (146-149)

stroma of CRC (collagen I: 120-180 ug/mg tissue) (153), a
restriction that is not shown in lung cancer models (154).
Most importantly, research on the durability of RNP in
metastases is contradictory; some studies describe 72-hour
activity in PDX models (155), while others demonstrate
quick clearance in implants made from cell lines (156).
These disparities highlight the necessity for standardized
CRC-specific delivery parameters, which most likely result
from variations in metastatic biology.

Benefits and challenges of CRISPR-Cas9 therapy for colon
cancer

CRISPR-Cas9 has become a powerful tool for uncovering
the specific roles of mutations involved in the development
of CRC. It is extensively used to explore the disease’s
progression and to map the step-by-step genetic changes
that drive tumor formation. This versatile technology
enables precise genome editing, allowing researchers to
simultaneously add or delete multiple genes. Genome-
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wide CRISPR-Cas9 knockout screens have shown that,
when KRAS is activated, specific gene deletions can either
accelerate or suppress tumor growth, revealing key metabolic
weaknesses that could be targeted therapeutically. These
findings highlight the possibility of using metabolic pathway
targeting as a treatment approach in KRAS-mutant CRC
(41, 157, 158). The HCT-116 human colon cancer cell lin€’s
B-catenin pathway mutations were corrected using CRISPR-
Cas9, which also decreased B-catenin translocation to the
nucleus, down-regulated survivin and c-myc production,
and restored Wnt phosphorylation. In mouse xenograft
models, these genetic alterations dramatically reduced cell
proliferation and hindered tumor formation (159).

Four key genes often changed in CRC genes, APC,
TP53, KRAS, and SMAD4, have been accurately modified
in cultured human intestinal stem cells using CRISPR-
Cas9 technology (Table 5). Researchers successfully
created tumors with histological characteristics resembling
adenocarcinoma by transplanting the altered cells into
recipient mice after methodically introducing mutations
in these genes using targeted guide RNAs. This technique
simplified finding the primary driver mutations leading to
tumor formation and progression (41, 160).

Further studies have validated the effectiveness of
CRISPR-Cas9 for in vivo genome editing and organoid-
based transplanting of colon tumors in mice, even in the
absence of predisposing genetic abnormalities (158).
This gene-editing technique has also helped detect other
significant carcinogenic changes, such as mutations in
Acvrlb, Acvr2a, and Arid2 (42), as well as disturbances in
the MUC5AC-CD44 signaling pathway, which deepens our
comprehension of the pathophysiology of CRC (161).

Challenges of CRISPR-Cas9 therapy for colon cancer
Challenges and constraints

Even while CRISPR-Cas9 has great promise for treating
colon cancer, several issues still need to be resolved. One
of the biggest concerns is the potential for off-target effects,
which are inadvertent genetic alterations that may cause
genomic instability or even the emergence of additional
malignancies. Research on improving CRISPR-Cas9’s
specificity and accuracy is still essential to reducing these
hazards.

A significant additional difficulty is the efficient delivery
of CRISPR components to target cells. Both viral and non-
viral delivery methods have drawbacks. Viral vectors, like
AAV, effectively transport gene-editing tools but may also
trigger immune responses. In contrast, non-viral carriers,
such as lipid nanoparticles, are safer but frequently do
not reach tumor cells. Resolving these delivery issues is
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necessary to maximize the therapeutic potential of CRISPR-
based treatments (Figure 4B).

Modifying germline mutations, such as APC

Editing germline mutations, such as those in the APC
gene, which are connected to hereditary CRC syndromes,
is one of the significant ethical issues in CRC research using
CRISPR technology. Since the patient will be impacted and
may be passed on to future generations, editing germline
mutations has significant ethical ramifications. By fixing
germline abnormalities, gene editing may help prevent
hereditary colon cancer. However, there are worries about
the long-term effects on the human gene pool and the
possibility of unforeseen repercussions. Careful thought
must be given to the potential for “designer babies” and
the moral implications of altering the DNA in such a
way. Furthermore, it is critical to distinguish between
improvements that can be seen as a type of genetic alteration
for non-medical purposes and therapeutic editing intended
to avoid disease (162).

Consent and the use of patient-derived models (organoids)

To better understand tumor biology and customize
cancer treatments, CRISPR has gained popularity when
used in patient-derived models like organoids. However,
this also brings up significant moral dilemmas regarding
patient consent. Patients must be well aware of the
consequences of utilizing their genetic material in organoid
development research before donating tumor samples.
Particularly when genetic modifications are given to the
organoids to research particular medication responses or
to mimic treatments, consent has to be explicit and well-
informed. The commercialization of these organoid models
also raises ethical questions, particularly if patient data is
utilized without providing enough recompense or benefit
to the patient. Furthermore, maintaining data security and
privacy is essential as these models advance, especially when
handling sensitive genetic data (163, 164).

Personalized CRISPR therapy informed consent

Careful informed consent is necessary for personalized
CRISPR-based treatments for CRC, which include editing
specific mutations in a patient’s cancer cells, such as KRAS or
APC. The treatment’s possible side effects, such as off-target
effects (where genes may be changed without the intended
purpose) and the potential to change healthy tissues, must
be thoroughly explained to patients. The possibility that
altered cancer cells can develop in novel ways and give rise to
new cancers is another worry (165). When medications are
customized to a patient’s genetic profile, informed consent

Table 5. Applications of CRISPR/Cas9 in colorectal cancer research and therapy

Application Target Genes/Pathways Mechanism Outcome/Impact Reference
Gene knockout KRAS, TP53, APC Disrupts oncogenes/tumor suppressors Reduced tumor growth (71)
Gene correction APC, TP53 Restores the function of tumor suppressors Enhanced apoptosis and genomic stability (27)
Immunotherapy enhancement CTLA-4 Enhances T-cell response Improved tumor clearance (41)
Overcoming drug resistance EGFR, ABC transporters Sensitizes CRC cells to therapy Increased drug efficacy (47)
Tumor microenvironment modulation Cytokines, TGF-p Alter immune interactions Enhanced immune infiltration (43)
Iran J Basic Med Sci, 2025, Vol. 28, No. 10 1287
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becomes more difficult since patients must be informed of
the known and perhaps undiscovered hazards associated
with these treatments. Protecting the patient’s autonomy
and decision-making authority is essential to ensuring they
make well-informed decisions using such experimental
medicines (25).

Bridging the gap to clinical trials

Three main obstacles stand in the way of the clinical
translation of CRISPR/Cas9 for CRC: (I) safety and
regulatory concerns, (II) biological barriers unique to each
patient, and (III) a lack of clinical trial data that is particular
to CRC as opposed to other cancers (166).

Regulatory and safety hurdles

Before being used in clinical settings, CRISPR treatments
need to address serious safety issues. Studies show that there
is a continuing danger of substantial genomic deletions
(>100bp) and complex rearrangements at both target
and off-target locations, even if tailored variants such as
HypaCas9 exhibit enhanced specificity (167, 168). While
base editors are more accurate, they can still cause off-target
RNA edits across the transcriptome that may interfere with
regular biological processes (169).

Viral delivery systems, particularly AAVs, face
immunogenicity challenges. Approximately 30-60% of
the population shows pre-existing neutralizing antibodies
against common AAV serotypes, potentially limiting
treatment efficacy. Non-viral alternatives like LNPs exhibit
reduced immunogenicity but currently achieve only 10-15%
transfection efficiency in solid tumors (63).

Patient-specific biological challenges

The molecular heterogeneity of CRC poses particular
challenges. Whole-exome sequencing finds more than 200
non-synonymous mutations in each tumor, with significant
inter-patient variability seen in KRAS, APC, and TP53 (170).
According to single-cell investigations (160), therapeutic
resistance can be driven by subclonal populations that
comprise only 0.1% of tumor cells.

Treatment is made more difficult by the CRC
microenvironment:

Poor T-cell infiltration is seen in 70-80% of MSS CRC
tumors (171).

Compared to normal tissue, dense collagen matrices
decrease nanoparticle penetration by more than 50% (172,
173).

Anti-Cas9 antibodies are present in up to 58% of patients
(174).

Clinical translation progress

As of 2024, only a few of the more than 100 ongoing
CRISPR clinical studies worldwide are exclusively focused
on CRC. Notable instances consist of:

With objective response rates of 40% in solid tumors, the
NY-ESO-1 CAR-T cell study (NCT05309733) has shown
promise for adoptive cell treatments in CRC (154). Similarly,
in liver cancer studies, LNP-delivered CRISPR treatments
have achieved 30% tumor reduction (NCT05210530),
indicating possible application to CRC metastases (156).
Exa-cel, the first FDA-approved CRISPR treatment for
sickle cell disease, has set significant safety standards by
reducing vaso-occlusive crises by 94% (67).
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Furthermore, ethical, safety, and regulatory issues must
be resolved for CRISPR-Cas9 to successfully incorporate
into cancer treatment. Before CRISPR-based medicines
are authorized for broad clinical use, regulatory agencies
enforce stringent preclinical and clinical testing standards
to guarantee their efficacy and safety. There are ethical
concerns with using gene-editing technology in human
medicine, especially when it comes to unforeseen long-term
effects.

Advancements in CRISPR technology
Base editing

Base editing is a highly versatile gene-editing technique
that enables precise single-nucleotide changes without
requiring donor DNA templates or inducing double-strand
breaks (DSBs). This makes it especially effective in cells that
lack efficient homologous recombination (HDR) repair
pathways. Base editors (BEs) are engineered fusion proteins
that include a Cas9 nickase, a modified form of Cas9 with
an inactivated RuvC domain that ensures targeted and
controlled genetic modifications (175-179). A nucleotide
deaminase enzyme (175-180) is linked to this mechanism,
making it possible to change one nucleotide base into
another precisely. During the base-editing process, a guide
RNA directs the base editor to a specific genomic DNA
sequence. The modified Cas protein then unwinds the target
single-stranded DNA, enabling the deaminase to employ
deamination to produce site-specific base modifications
(175). The two main types of base editors in the first
generation were adenine base editors (ABEs) and cytosine
base editors (CBEs)(180-184). CBEs comprise a catalytic
area derived from cytidine deaminases, like APOBECI,
and a uracil glycosylase inhibitor (UGI) domain. This
combination allows for accurate conversion of cytosine (C)
to thymine (T), enabling targeted and eflicient single-base
alterations within the genome (175, 180).

ABEs employ a modified adenine deaminase domain
from tRNA-specific adenosine deaminase (TadA), which
has been tailored by directed evolution to work on single-
stranded DNA (ssDNA) to specifically convert adenine (A)
to guanine (G)(175, 184). Base editors minimize the dangers
associated with DSBs while providing fewer accidental
insertions or deletions (indels), improved precision, and
increased efficiency compared to traditional CRISPR-Cas
nucleases (167, 175, 185-191).

To increase their activity and lessen the off-target
effects brought on by deaminase activity, CBEs and
ABEs have undergone several improvements since their
original creation (178, 192-199). Advanced base editors
may now incorporate cytidine and adenine deaminases
simultaneously, expanding the breadth of base editing
beyond basic A-to-G or C-to-T conversions (200-202).
Furthermore, additional editing techniques have been
established, such as base swapping (e.g., C-to-G, A-to-C,
T-to-C, and T-to-G); however, the specificity and efficacy of
these techniques vary according to the genomic target (175,
203-209).

Swap-type base editing’s effectiveness and specificity
vary greatly and mainly depend on the target site’s genomic
context (203, 205, 206, 208). BEs have been widely used
in thorough genome-wide gene knockout investigations
and systematic mutation screening due to their alterations’
predictability, making functional genomic research easier
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(210, 211). Furthermore, they have gradually been used
in clinical research because of their ability to fix harmful
single-nucleotide variants or introduce protective genetic
modifications accurately. Notably, several preclinical
studies have shown the therapeutic potential of base
editing, including those carried out in models of non-
human primates, highlighting its translational usefulness
in precision medicine (212-214). Although base editors
provide high precision in genetic modifications, unintended
edits can still arise, particularly with the development of
more potent editing tools. These unintended alterations are
generally categorized based on whether they occur at the
intended target site or unintended off-target regions within
the genome (215, 216). Furthermore, based on their reliance
on Cas9 activity, these impacts may be further categorized,
emphasizing the necessity for ongoing improvement
to improve editing specificity and reduce undesirable
genomic alterations (162, 169, 175, 179, 217-220). Because
base editors are used so widely, there is a constant need
to improve them, which calls for constant improvements
in efficiency, accuracy, and specificity to improve their
overall performance (179, 221, 222). Several crucial areas
are covered by key research objectives in the development
of base editor technology: reducing accidental editing
byproducts (180, 192, 193, 196, 215, 223-229), enhancing
genomic integrity (221, 222, 230), optimizing editing
efficiency (178, 179, 196, 198, 231-234) and fidelity (234,
235) to improve overall accuracy, broadening the spectrum
of targetable genomic sites to extend its applicability,
increasing the diversity of editable nucleotide substitutions,
and refining editing precision to ensure greater specificity
in genetic modifications (180, 184, 192, 223, 226-229). Even
though many limitations have been significantly lessened by
engineering advancements (178,192-199)C or T, Current
methods have not yet been able to replace all 12 types of
point mutations (209, 236, 237), and they are still not
enough to do most conversions, insertions, deletions, and
other kinds of genomic modifications (175, 238).

Prime editing

Prime editing represents a cutting-edge gene-editing
approach capable of making highly precise and versatile
DNA modifications. Unlike traditional methods, it can
introduce a wide variety of nucleotide substitutions and
insert or delete short DNA sequences at specific genomic
sites, all without generating DSBs, making it both efficient
and less disruptive to the genome (152). Prime editors
comprise a protein component and a prime editing guide
RNA (pegRNA). One essential part of the prime editing
mechanism is pegRNA. It combines an extended RNA
template encoding the required change with the targeting
power of a regular sgRNA. A primer binding site (PBS)
to anneal to the displaced DNA strand, a spacer sequence
for DNA binding, and an RNA template for reverse
transcription are all components of the pegRNA structure.
Without donor DNA templates or double-strand breaks,
this architecture allows for accurate alterations (152).

The protein component consists of a modified Cas9
nickase with the HNH nuclease domain inactivated, linked
to an altered reverse transcriptase domain. In addition to
providing a programmable RNA template that encodes the
desired genetic alteration, pegRNA also guides the editing
machinery to the precise genomic region (175). The process
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begins when the primary editor introduces a single-strand
nick at a specific site in the genome, causing a nearby
DNA fragment to shift. If the conditions for base pairing
are favorable, this displaced DNA strand can bind to the
primer binding site on pegRNA. Once hybridized, the DNA
fragment acts as a primer for the reverse transcriptase, which
extends the sequence using the RNA template embedded
within the pegRNA. The newly synthesized DNA strand is
then stably incorporated into the genome through natural
end-repair and ligation processes (152, 175).

Instead of using deaminases to induce chemical base
changes, prime editors (PEs) make targeted genomic
modifications through a reverse transcriptase process
guided by pegRNA. This process involves three distinct
and sequential hybridization steps. First, the prime editor
binds to and cleaves the target DNA site, aligning with the
pegRNA spacer sequence. Next, the PBS of pegRNA anneals
to the 3’ end of the cleaved genomic DNA. Finally, the DNA
strand synthesized during reverse transcription hybridizes
with the genomic sequence to complete the editing process
(175). Compared to base editing and HDR, prime editing’s
precision, fidelity, and target specificity are greatly enhanced
by this necessity for several base-pairing interactions
(31, 239-242). Prime editing’s widespread applicability
in genome engineering is demonstrated by its effective
application in various model animals and tissue types (175,
243-245).

Rather than relying on deaminases to induce chemical
base changes, PEs use a reverse transcriptase mechanism
guided by pegRNA to make precise genomic modifications.
The prime editing process is characterized by three distinct
and sequential hybridization events: first, the prime editor
binds to and cleaves the target DNA site in alignment
with the pegRNA spacer sequence; second, the PBS of
pegRNA anneals to the 3" end of the cleaved genomic
DNA; and third, the reverse transcription-synthesized
DNA strand hybridizes with the genomic sequence. Recent
advancements in understanding the cellular factors that
impact prime editing efficiency have resulted in significant
progress, contributing to the development of the Prime
Editing Guide (246-249)has been improved; adding robust
secondary structures at their 3C terminal to boost structural
integrity and lessen deterioration is one such change (250,
251).

Mitigating off-target effects in CRC therapy
High-fidelity cas9 variants

Designed variations such as eSpCas9 and HypaCas9
efficiently edit oncogenes like KRAS and APC while
reducing oft-target effects by more than ten times in CRC
models (168, 252). For MSI-high CRC subtypes, where
genomic instability raises off-target hazards, these variations
are especially useful (160).

Advanced prediction tools

CRC-specific off-target profiling is now possible thanks
to computational techniques like CIRCLE-seq (253) and
machine learning platforms, which can identify <5 possible
oft-target locations for common CRC driver mutations in
patient-derived organoids (17).

Precision delivery systems
By shortening the period of editing and improving
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tissue specificity, transient RNP delivery and tumor-
targeted nanoparticles reduce off-target effects in CRC.
These methods have demonstrated special potential in liver
metastasis models of CRC (138, 254).

These tactics, taken together, address the urgent need
for safer CRISPR uses in CRC. To close the gap between
technological advancements and therapeutic application,
future validation should concentrate on clinically relevant
CRC models, such as in vivo metastatic systems and TP53-
mutant organoids (158).

Utilization of the CRISPR/Cas9 system in CRC therapy

Using the CRISPR/dCas9-VPR plasmid as an expression
vector, the fucosyltransferase 4 (Fut4) and Fut9 genes were
transcriptionally activated in the MC38 murine CRC cell
line (255). When these genes were introduced, Lewis’s
antigens were expressed, affecting sialylation and core
fucosylation amounts. The HPV16 gene, which is associated
with anal cancer, was also expressed in immunodeficient
mice to evaluate the CRISPR/Cas9 system’s capacity to
stop tumor growth. The delivery of Cas9/sgRNA via AAV
vectors, which encoded Cas9, reduced tumor volume by
targeting HPV16. These findings suggest that the CRISPR/
Cas9 system may be exploited as a therapeutic approach to
treat HPV-related human cancers (256).

Although earlier research has shown that AAV-
CRISPR may reduce tumors by 80% in HPV16-driven
CRC mouse models, some restrictions must be considered
before clinical translation can occur (10). First, these
immunocompromised models do not replicate important
features of actual CRC, including the intricate tumor
microenvironment present in microsatellite-stable subtypes
(160). Second, pre-existing neutralizing antibodies against
AAV in 30-60% of populations (257) and payload capacity
restrictions (~4.7 kb) that limit the delivery of sophisticated
editing systems provide obstacles for clinical applications
(150). On the other hand, recent research employing
LNP-encapsulated  ribonucleoproteins  in  patient-
derived organoids demonstrated similar effectiveness
without immunological toxicity, indicating that delivery
optimization has to consider CRC subtype-specific needs.

Using lentiviral CRISPR/Cas9 gene editing in CaCO-
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2 cells, we targeted Partitioning Defective 3-Like protein
(Par3L), a crucial regulator of cell polarity and AMPK
signaling that enhances CRC cell survival. To suppress
Par3L expression, certain sgRNAs were given via the
lentiviral vector (pSpCas9(BB)-2A-GFP)(258). Increased
caspase-3 activation indicated that this genetic disruption
caused apoptosis and markedly reduced cell growth
(P<0.01). Additionally, cells lacking Par3L showed
increased susceptibility to traditional chemotherapeutic
drugs, indicating that Par3L plays a crucial part in treatment
resistance (258). Deletion of the Par3L protein caused
both cascade-3 expression and cell death. Since Par3L-
deficient cells showed increased susceptibility to anticancer
chemotherapy, the CRISPR/Cas9 system’s deactivation of
these cells via decreasing AMPK signaling may be a potential
therapeutic target for cancer treatment. Furthermore, it has
been shown that by specifically targeting KRAS mutations,
the injection of hyaluronic acid-conjugated CP/Ad-SS-GD/
RNP nanocomplexes successfully halted the growth and
metastasis of colorectal tumors (Table 6)(254).

Prospects and future directions

Several key challenges must be addressed to efficiently
deliver CRISPR/Cas9 using various nanoparticle (NP)
methods to achieve optimal results. One major hurdle
is the complex packaging of the CRISPR/Cas9 system,
which is highly anionic, along with issues related to NP
size, shape, design, surface characteristics, and stability
during circulation. Additional concerns include the
overall effectiveness of the gene-editing delivery system,
its potential immunogenicity, and possible in vivo toxicity
when different types of NPs are used. Another significant
obstacle is the body’s rapid clearance systems, which quickly
detect and remove NPs from the bloodstream before they
can reach their target cells (166, 261).

The effectiveness of cellular uptake of CRISPR/Cas9-
loaded NPs is influenced by various factors, such as vascular
flow, diffusion patterns, adhesion properties, and velocity
distribution, all of which are significantly affected by the
cargo size. Nanoparticles larger than 200 nm are typically
cleared by the body’s RES, accumulating in the liver and
spleen. Therefore, an ideal CRISPR/Cas9 nanoparticle

Table 6. Critical comparison of preclinical vs clinical CRISPR/Cas9 studies in colorectal cancer (CRC)

Study Type Editing target  Delivery method Key findings Clinical translatability Limitations Reference
80% tumor suppression in CRC Restricted by payload limitations (<4.7 Immunogenicity hazards; lacks human
Preclinical KRAS (G12D) AAV-DJ models induced by HV16 kb) and pre-existing AAV immunity TME complexity (217)
(30-60% of patients)
. . . . High significance for models derived . - S
. Lentivirus Adenocarcinoma recapitulated in K X A . Low effectiveness of in vivo administration;
Preclinical TP53/APC ) from patients but difficulties with . o A (160)
(organoids) xenografts . o . safety issues with viral integration
scalability for clinical application
Elect i Increased cytotoxicity of T cells Adoptive cell treatment shows In MSS-CRC, poor T-cell infiltration,
ectroporation
Preclinical PD-1/CTLA-4 (CA}; m in murine models promise; however, solid tumors (such immunosuppressive TME (259)
as CRC) need to be optimized
Par3L (AMPK The chemosensory effect of FDA-approved LNPs, such as Low editing effectiveness in tumor cores
ar.

Preclinical LNP-RNP CaCO-2 cells Onpattro®, have limited penetration with hypoxia (258, 260)

pathway) .

due to the collagen-rich CRC stroma
Elect tion i
. NY-ESO-1 ec ropoxja fonin 40% response in solid tumors directly relevant to CMS4 subtype  restricted to individuals who match HLA;

Clinical ex vivo X . ) (NCT05309733)

(CAR-T) (immune-hot) CRC expensive production
Clinical KRAS (LNP- Lipid nanoparticles 30% decrease in liver metastases Promoting systemic ad'ministration to  requires frequent dosage; short-term (NCT05210530)

CRISPR) from tumors target metastatic CRC effects
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formulation should possess key characteristics, including
prolonged circulation time in the bloodstream, efficient
penetration into tumor tissue, high cellular uptake, and
successful endosomal escape. This ensures that the CRISPR/
Cas9 system can be released into the cytoplasm, optimizing
its therapeutic effectiveness (262, 263).

Despite the widely recognized potential of CRISPR/Cas9
genome editing technology, several doubts about its efficacy
and safety necessitate more investigation. Off-target effects,
in particular, are a major barrier to the clinical application
of the CRISPR/Cas9 system and its further translation into
therapeutic contexts (264). The Cas9 protein frequently
causes cleavage at off-target regions because the guide RNA
is associated with undesirable chromosomal loci and has a
somewhat higher tolerance for sequence mismatches (265).
One kind of genotoxicity is off-target changes brought on
by CRISPR/Cas9 genome editing. Atypical chromosomal
rearrangements and unexpected large-scale deletions may
occur in cells modified using the CRISPR/Cas9 system (264).
Both human and mouse cell lines have shown significant
deletions and intricate genomic rearrangements, including
insertions and inversions, in regions near and distant from
the target cleavage sites (167).

To increase the specificity of CRISPR/Cas9, efforts are
frequently made to develop more complex Cas9 nuclease
variants with better guide RNA designs that can recognize
a wider variety of PAM sequences. These developments are
coupled with enhanced delivery methods that are intended
to more effectively target certain cell types (5). It is believed
that the recently created HypaCas9 and xCas9 variants have
improved targeting efficiency and precision genome-editing
capabilities (168, 266). Furthermore, it has been shown that
new CRISPR/Cas9 inhibitors are required to control genome
editing efficiently, and more advantageous substances are
expected to be found in the future (266). Furthermore,
sophisticated methods like BLESS, Digenome-seq, GUIDE-
seq, and HTGTS have been developed to more precisely
forecast possible off-target areas and evaluate gene editing
results (166, 267).

Significant questions remain in the field of genetic
engineering regarding the effectiveness and clinical
applicability of genome editing with CRISPR/Cas9. A
significant limitation of this technique is its reliance on a
specific PAM, particularly the NGG sequence, which is
essential for accurate target site recognition and cleavage.
The relatively small number of PAM sequences that
CRISPR/Cas9 can recognize has historically constrained its
use. However, the development of engineered variants, such
as xCas9, has significantly expanded the range and flexibility
of this genome-editing platform by enabling recognition of
a broader array of PAM sequences, including GAA, GAT,
and NG (166). It is anticipated that future developments
in CRISPR/Cas9-based techniques will be crucial in
identifying new oncogenic biomarkers and unidentified
genes linked to cancer, which will make it easier to create
customized treatment plans (166). This genome-editing
technology holds significant potential for identifying new
drug targets and understanding their molecular interactions,
which could lead to the development of innovative cancer
therapies. Moreover, CRISPR/Cas9’s ability to precisely
modify noncoding regions of the genome is expected to
enhance our understanding of regulatory elements and
their roles in carcinogenesis. A comprehensive analysis
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of the biological changes induced by CRISPR/Cas9 will
provide valuable insights into the genetic and epigenetic
mechanisms that drive cancer development and metastasis,
particularly through the targeted creation of driver
mutations and pathogenic variants. Continued progress in
CRISPR/Cas9 delivery technologies will further improve its
clinical applicability, enabling its integration into treatments
for various diseases, including cancer (166, 268).

Challenges and limitations of crisper in CRC

The CRISPR-Cas (Clustered Regularly Interspaced
Short Palindromic Repeats-CRISPR-associated protein)
technology has emerged as a revolutionary genome-
editing tool with significant potential in cancer research
and therapeutics, including CRC. Despite its promising
applications ranging from functional genomics to gene
therapy, several challenges and limitations still hinder its
clinical translation in CRC treatment. Moreover, integrating
artificial intelligence (AI) is becoming increasingly pivotal
in addressing these challenges and optimizing CRISPR-
based interventions (269).

Off-target effects and genetic mosaicism

One of the foremost concerns in CRISPR applications
is the occurrence of off-target effects, where unintended
genomic sites are edited due to sequence homology or errors
in gRNA design. In the context of CRC, such inaccuracies
may disrupt tumor suppressor genes or activate proto-
oncogenes, exacerbating the disease or introducing
additional oncogenic mutations (270). This is especially
critical when editing somatic cells in vivo, where the
specificity of gene targeting determines safety and efficacy.
Furthermore, genetic mosaicism, the presence of a mixture
of edited and unedited cells, complicates therapeutic
outcomes. Mosaicism can arise from incomplete editing
or the use of CRISPR in post-zygotic stages, limiting the
uniformity and reproducibility of gene correction strategies
in CRC models.

Delivery system limitations

Efficient delivery of CRISPR components into colorectal
tumors remains a major hurdle. Viral vectors (e.g., AAV,
lentivirus) offer high transduction efficiency but carry
immunogenicity risks, insertional mutagenesis, and size
limitations. Non-viral vectors such as lipid nanoparticles
and polymer-based carriers present lower immunogenicity
but often suffer poor delivery efficiency in solid tumors like
CRC (271). Furthermore, the TME in CRC, characterized
by hypoxia, fibrosis, and immune suppression, can impair
the uptake and distribution of CRISPR reagents (272, 273).

Tumor heterogeneity and evolution

CRC exhibits substantial intertumoral and intratumoral
heterogeneity, resulting in variable CRISPR editing
outcomes. Diverse mutational profiles among CRC
subtypes (e.g., microsatellite instability-high (MSI-H)
vs chromosomal instability (CIN) tumors) may demand
highly personalized gRNA designs (274). Moreover, as
tumors evolve during progression and treatment, the
targeted mutations may become obsolete, reducing the
therapeutic relevance of initial edits. Additionally, clonal
selection following CRISPR-induced DNA damage may
inadvertently select for more aggressive or treatment-
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resistant subpopulations, complicating long-term control of
CRC.

Ethical, regulatory, and safety concerns

The ethical implications of germline editing and the
potential misuse of CRISPR technology in CRC are subjects
of ongoing debate. Regulatory bodies emphasize stringent
preclinical validation and monitoring of off-target effects,
long-term safety, and immune responses. Moreover, patients
with CRC may harbor underlying genetic instability (e.g.,
Lynch syndrome), necessitating careful evaluation of the
broader genomic impacts of CRISPR edits (275). The lack
of universally accepted standards for CRISPR clinical trials,
especially in oncology, hinders its implementation. Risk-
to-benefit ratios, patient selection criteria, and endpoints
must be clearly defined to facilitate regulatory approval and
public trust.

Limitations in model
reproducibility

Much of the current CRISPR research in CRC relies
on in vitro cell lines and mouse models, which may not
tully recapitulate human tumor complexity. Differences in
immune systems, TME, and genetic background between
models and patients can lead to discrepancies in therapeutic
response and editing efficiency. Reproducibility remains a
concern, as CRISPR outcomes can vary depending on gRNA
sequence, delivery method, and experimental conditions
(276).

systems and experimental

Transformative role of artificial
overcoming CRISPR limitations

Amid these challenges, artificial intelligence (AI) is
emerging as a transformative force in enhancing the
accuracy, efficiency, and safety of CRISPR applications in
CRC. Al-powered tools can process vast genomic data to
optimize gRNA design, predict off-target effects, and model
genome editing outcomes with unprecedented precision
(277, 278).

intelligence in

Improved guide RNA design and off-target prediction

Al algorithms, particularly those based on machine
learning and deep learning, can analyze large datasets to
identify optimal gRNA sequences with high on-target
activity and minimal off-target risk. Tools like DeepCRISPR,
CRISPR-Net, and Elevation use neural networks trained
on empirical data to predict editing outcomes and reduce
experimental trial-and-error. This is crucial for CRC, where
precision is essential to avoid exacerbating malignant
transformation (279).

Integration with multi-omics and big data

Al facilitates the integration of multi-omics data,
including genomics, transcriptomics, and epigenomics,
to uncover actionable targets and pathway interactions in
CRC. By leveraging AI for biomarker discovery, researchers
can prioritize editing targets with the highest therapeutic
potential and minimal systemic impact (280).

Personalized CRISPR therapeutics

Al enables personalized CRC therapy by mapping
patient-specific mutations and modeling the impact of
CRISPR edits in silico. Algorithms can simulate therapeutic
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interventions and predict resistance mechanisms, allowing
for preemptive modifications to treatment strategies. This
personalization is particularly vital in CRC, which exhibits
variable genetic and epigenetic landscapes across patients.

Optimizing delivery systems

Machine learning can also assist in engineering more
effective and tumor-specific delivery vehicles. By analyzing
physicochemical properties, cellular uptake data, and
biodistribution patterns, Al can guide the development of
nanoparticles or viral vectors tailored for CRC tissues.

Enhancing preclinical and clinical trial design

Al-driven platforms can enhance the design of CRISPR-
based clinical trials by stratifying patients, predicting
outcomes, and identifying potential safety issues before
trial initiation. Virtual simulations using AI models reduce
the need for extensive animal studies and improve the
translation of findings to human CRC.

Conclusion

The advent of CRISPR/Cas9 genome-editing technology
has revolutionized CRC research and therapy by enabling
previously unheard-of precision in genetic modifications
to restrict tumor development, increase medicine
responsiveness, and identify novel oncogenic mechanisms.
The technology’s potential for targeted gene disruptions
and pathway alterations that hasten cancer development is
demonstrated by the successful application of CRISPR/Cas9
in CRC models, such as MC38 murine and CaCO-2 human
CRC cell lines. Despite its revolutionary potential, CRISPR/
Cas9’s clinical translation is still hampered by significant
issues such as immunogenicity, off-target consequences,
and delivery constraints. To maximize its therapeutic
efficacy, these obstacles must be overcome by creating
exact CRISPR variants, improved guide RNA designs, and
novel nanoparticle-based delivery methods. Furthermore,
CRISPR/Cas9 has excellent potential for discovering new
CRC biomarkers and regulatory components, opening the
door for precision oncology approaches that customize
therapies for each patient’s unique characteristics. CRISPR/
Cas9 has the potential to completely change the field of
CRC treatments as research into its safety and applicability
advances. It is a potent tool for both basic studies of cancer
biology and the creation of next-generation targeted
treatments. Future developments in delivery routes and
genome-editing precision will be crucial to convert CRISPR/
Cas9 from a promising experimental tool into a clinically
feasible therapeutic strategy for CRC.

Acknowledgment
We thanks Biorender and Alnoor wuniversity for
supporting.

Authors’ Contribution

B A conceptualized the review, supervised the project, and
provided critical revisions. A S contributed to the design and
structure of the manuscript and led the literature analysis.
L B, R O, and SR ] were involved in the comprehensive
literature review and initial manuscript drafting. U Sand S S
contributed to data curation, figure design, and formatting.
AS C and HN S participated in reviewing and editing the
manuscript for scientific accuracy. A Y and ZH A supported

Iran ) Basic Med Sci, 2025, Vol. 28, No. 10



CRISPR/Cas9 in colorectal cancer

the writing, reference management, and visualization. M A
assisted in final proofreading and ensured compliance with
journal guidelines. All authors read and approved the final
version of the manuscript.

Conflicts of Interest
The authors declare that they have no competing interests.

Declaration
We have not used any Al tools or technologies to prepare
this manuscript.

References

1. Méarmol I, Sanchez-de-Diego C, Pradilla Dieste A, Cerrada E,
Rodriguez Yoldi M. Colorectal carcinoma: A general overview and
future perspectives in colorectal cancer. Int ] Mol Sci 2017; 18: 197-
236.

2. Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A.
Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and
identification of the gene product. J Bacteriol 1987; 169: 5429-
5433.

3. Zhang B. CRISPR/Cas gene therapy. J Cell Physiol 2021; 236:
2459-2481.

4. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered
regularly interspaced short palindrome repeats (CRISPRs) have
spacers of extrachromosomal origin. Microbiology 2005; 151:
2551-2561.

5. Hu JH, Miller SM, Geurts MH, Tang W, Chen L, Sun N, et al.
Evolved Cas9 variants with broad PAM compatibility and high
DNA specificity. Nature 2018; 556: 57-63.

6. Makarova KS, Grishin N V, Shabalina SA, Wolf YI, Koonin E V. A
putative RNA-interference-based immune system in prokaryotes:
Computational analysis of the predicted enzymatic machinery,
functional analogies with eukaryotic RNAi, and hypothetical
mechanisms of action. Biol Direct 2006; 1: 7-33.

7. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P,
Moineau S, et al. CRISPR provides acquired resistance against
viruses in prokaryotes. Science 2007; 315: 1709-1712.

8. Garneau JE, Dupuis M-E, Villion M, Romero DA, Barrangou R,
Boyaval P, et al. The CRISPR/Cas bacterial immune system cleaves
bacteriophage and plasmid DNA. Nature 2010; 468: 67-71.

9. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,
Charpentier E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012; 337:
816-821.

10. Hu Y, Liu L, Jiang Q, Fang W, Chen Y, Hong Y, et al. CRISPR/
Cas9: A powerful tool in colorectal cancer research. ] Exp Clin
Cancer Res 2023; 42: 308-327.

11. Bikard D, Jiang W, Samai P, Hochschild A, Zhang F, Marraffini
LA. Programmable repression and activation of bacterial gene
expression using an engineered CRISPR-Cas system. Nucleic
Acids Res 2013; 41: 7429-7437.

12. Cyranoski D. CRISPR gene-editing tested in a person for the
first time. Nature 2016; 539: 479.

13. Liu Y, Zou RS, He S, Nihongaki Y, Li X, Razavi S, et al. Very fast
CRISPR on demand. Science 2020; 368: 1265-1269.

14. Xiong X, Chen M, Lim WA, Zhao D, Qi LS. CRISPR/Cas9
for human genome engineering and disease research. Annu Rev
Genomics Hum Genet 2016; 17: 131-154.

15. Kim H, Kim JS. A guide to genome engineering with
programmable nucleases. Nat Rev Genet 2014; 15: 321-334.

16. Ringel T, Frey N, Ringnalda E Janjuha S, Cherkaoui S, Butz
S, et al. Genome-scale CRISPR screening in human intestinal
organoids identifies drivers of TGF-P resistance. Cell Stem Cell
2020; 26: 431-440.

17. Michels BE, Mosa MH, Streibl BI, Zhan T, Menche C, Abou-El-
Ardat K, et al. Pooled in vitro and in vivo CRISPR-Cas9 screening
identifies tumor suppressors in human colon organoids. Cell Stem

Iran J Basic Med Sci, 2025, Vol. 28, No. 10

N=MS

Alhasso et al.

Cell 2020; 26: 782-792.

18. Wang D, Prager BC, Gimple RC, Aguilar B, Alizadeh D, Tang
H, et al. CRISPR screening of CAR T cells and cancer stem cells
reveals critical dependencies for cell-based therapies. Cancer
Discov 2021;11: 1192-1211.

19. Emami A, Mahdavi Sharif P, Rezaei N. KRAS mutations in
colorectal cancer: Impacts on tumor microenvironment and
therapeutic implications. Expert Opin Ther Targets 2025; 5: 361-
383.

20. Takeda M, Yoshida S, Inoue T, Sekido Y, Hata T, Hamabe A,
et al. The role of KRAS mutations in colorectal cancer: Biological
insights, clinical implications, and future therapeutic perspectives.
Cancers 2025; 17: 428-449.

21. Shao M, Xu TR, Chen CS. The big bang of genome editing
technology: development and application of the CRISPR/Cas9
system in disease animal models. Dongwuxue Yanjiu 2016; 37:
191-204.

22. Asmamaw M, Zawdie B. Mechanism and applications of
CRISPR/Cas-9-mediated genome editing. Biologics 2021; 15: 353-
361.

23. Jiang F, Doudna JA. CRISPR-Cas9 structures and mechanisms.
Annu Rev Biophys 2017; 46: 505-529.

24. Mei Y, Wang Y, Chen H, Sun ZS, Ju XD. Recent progress in
CRISPR/Cas9 technology. ] Genet Genomics 2016; 43: 63-75.

25. Doudna JA, Charpentier E. Genome editing. The new frontier
of genome engineering with CRISPR-Cas9. Science 2014; 346:
1258096.

26.Beck AC, Cho E, White JR, Paemka L, Li T, Gu VW, et al. AP-2a
regulates S-phase and is a marker for sensitivity to PI3K inhibitor
buparlisib in colon cancer. Mol Cancer Res 2021; 19: 1156-1167.
27. Meng H, Nan M, Li Y, Ding Y, Yin Y, Zhang M. Application
of CRISPR-Cas9 gene editing technology in basic research,
diagnosis and treatment of colon cancer. Front Endocrinol 2023;
14:1148412-1148433.

28. Han T, Schatoff EM, Murphy C, Zafra MP, Wilkinson JE,
Elemento O, et al. R-Spondin chromosome rearrangements
drive Wnt-dependent tumour initiation and maintenance in the
intestine. Nat Commun 2017; 8: 15945-15957.

29. Liu Q, Xin C, Chen Y, Yang J, Chen Y, Zhang W, et al. PUM1
is overexpressed in colon cancer cells with acquired resistance to
cetuximab. Front cell Dev Biol 2021; 9: 696558-696569.

30. Liu HH, Lee CH, Hsieh YC, Hsu DW, Cho EC. Multiple
myeloma driving factor WHSCI is a transcription target of
oncogene HMGA?2 that facilitates colon cancer proliferation and
metastasis. Biochem Biophys Res Commun 2021; 567: 183-189.
31.Liu Z, Li Y, Wang S, Wang Y, Sui M, Liu J, et al. Genome-wide
CRISPR screening identifies PHF8 as an effective therapeutic
target for KRAS- or BRAF-mutant colorectal cancers. ] Exp Clin
Cancer Res 2025; 44: 70-90.

32.Roth AD, Tejpar S, Delorenzi M, Yan P, Fiocca R, Klingbiel D, et
al. Prognostic role of KRAS and BRAF in stage II and III resected
colon cancer: Results of the translational study on the PETACC-3,
EORTC 40993, SAKK 60-00 trial. ] Clin Oncol Off] Am Soc Clin
Oncol 2010; 28: 466-474.

33. Modest DP, Ricard I, Heinemann V, Hegewisch-Becker S,
Schmiegel W, Porschen R, et al. Outcome according to KRAS-,
NRAS- and BRAF-mutation as well as KRAS mutation variants:
pooled analysis of five randomized trials in metastatic colorectal
cancer by the AIO colorectal cancer study group. Ann Oncol Off]
Eur Soc Med Oncol 2016; 27: 1746-1753.

34. Seligmann JE Fisher D, Smith CG, Richman SD, Elliott F,
Brown S, et al. Investigating the poor outcomes of BRAF-mutant
advanced colorectal cancer: Analysis from 2530 patients in
randomised clinical trials. Ann Oncol Off ] Eur Soc Med Oncol
2017; 28: 562-568.

35. Bengala C, Bettelli S, Bertolini F, Salvi S, Chiara S, Sonaglio C,
et al. Epidermal growth factor receptor gene copy number, K-ras
mutation and pathological response to preoperative cetuximab,
5-FU and radiation therapy in locally advanced rectal cancer. Ann
Oncol Off ] Eur Soc Med Oncol 2009; 20: 469-474.

1293



Alhasso et al.

36. Loupakis F, Ruzzo A, Cremolini C, Vincenzi B, Salvatore L,
Santini D, et al. KRAS codon 61, 146 and BRAF mutations predict
resistance to cetuximab plus irinotecan in KRAS codon 12 and
13 wild-type metastatic colorectal cancer. Br ] Cancer 2009; 101:
715-721.

37. Misale S, Yaeger R, Hobor S, Scala E, Janakiraman M, Liska D,
et al. Emergence of KRAS mutations and acquired resistance to
anti-EGFR therapy in colorectal cancer. Nature 2012; 486: 532-
536.

38. De Roock W, De Vriendt V, Normanno N, Ciardiello F, Tejpar
S. KRAS, BRAEF, PIK3CA, and PTEN mutations: Implications for
targeted therapies in metastatic colorectal cancer. Lancet Oncol
2011; 12: 594-603.

39. Liu H, Liang Z, Cheng S, Huang L, Li W, Zhou C, et al. Mutant
KRAS drives immune evasion by sensitizing cytotoxic T-Cells
to activation-induced cell death in colorectal cancer. Adv Sci
(Weinheim) 2023; 10: €2203757-2203772.

40. Lal N, White BS, Goussous G, Pickles O, Mason MJ, Beggs AD,
et al. KRAS mutation and consensus molecular subtypes 2 and 3
are independently associated with reduced immune infiltration
and reactivity in colorectal cancer. Clin cancer Res 2018; 24: 224-
233.

41. Arroyo-Olarte R, Mejia-Mufoz A, Ledn-Cabrera S. Expanded
alternatives of CRISPR-Cas9 applications in immunotherapy of
colorectal cancer. Mol Diagn Ther 2024; 28: 69-86.

42. Takeda H, Kataoka S, Nakayama M, Ali MAE, Oshima H,
Yamamoto D, et al. CRISPR-Cas9-mediated gene knockout in
intestinal tumor organoids provides functional validation for
colorectal cancer driver genes. Proc Natl Acad Sci 2019; 116:
15635-15644.

43. D’Antonio L, Fieni C, Ciummo SL, Vespa S, Lotti L, Sorrentino
C, et al. Inactivation of interleukin-30 in colon cancer stem cells
via CRISPR/Cas9 genome editing inhibits their oncogenicity
and improves host survival. ] Immunother Cancer 2023; 11:
€006056-e006073.

44. Michel M, Kaps L, Maderer A, Galle PR, Moehler M. The role
of p53 dysfunction in colorectal cancer and its implication for
therapy. Cancers (Basel) 2021;13: 2296-2320.

45. Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB.
Review of indications of FDA-approved immune checkpoint
inhibitors per NCCN guidelines with the level of evidence. Cancers
(Basel) 2020; 12: 738-757.

46. Marin-Acevedo JA, Kimbrough EO, Lou Y. Next generation of
immune checkpoint inhibitors and beyond. ] Hematol Oncol 2021;
14: 45-74.

47. Vaghari-Tabari M, Hassanpour P, Sadeghsoltani F, Malakoti
E Alemi E Qujeq D, et al. CRISPR/Cas9 gene editing: A new
approach for overcoming drug resistance in cancer. Cell Mol Biol
Lett 2022; 27: 49-78.

48. Wu M, Ma W, Lv G, Wang X, Li C, Chen X, et al. DDRI is
identified as an immunotherapy target for microsatellite stable
colon cancer by CRISPR screening. NPJ Precis Oncol 2024; 8: 253-
264.

49. Ravichandran M, Maddalo D. Applications of CRISPR-Cas9 for
advancing precision medicine in oncology: From target discovery
to disease modeling. Front Genet 2023; 14: 127399-127411.

50. Sanchez-Rivera FJ, Papagiannakopoulos T, Romero R, Tammela
T, Bauer MR, Bhutkar A, et al. Rapid modelling of cooperating
genetic events in cancer through somatic genome editing. Nature
2014; 516: 428-431.

51. Akcakaya P, Bobbin ML, Guo JA, Malagon-Lopez J, Clement K,
Garcia SP, et al. In vivo CRISPR editing with no detectable genome-
wide off-target mutations. Nature 2018; 561: 416-419.

52. Hartmann O, Reissland M, Maier CR, Fischer T, Prieto-Garcia
C, Baluapuri A, et al. Implementation of CRISPR/Cas9 genome
editing to generate murine lung cancer models that depict the
mutational landscape of human disease. Front Cell Dev Biol 2021;
9:641618-641634.

53. Grimm D, Lee JS, Wang L, Desai T, Akache B, Storm TA, et al.
In vitro and in vivo gene therapy vector evolution via multispecies

1294

=MS

CRISPR/Cas9 in colorectal cancer

interbreeding and retargeting of adeno-associated viruses. J Virol
2008; 82: 5887-5911.

54. Jackson EL, Olive KP, Tuveson DA, Bronson R, Crowley D,
Brown M, et al. The differential effects of mutant p53 alleles on
advanced murine lung cancer. Cancer Res 2005; 65: 10280-10288.
55. Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D,
Montoya R, et al. Analysis of lung tumor initiation and progression
using conditional expression of oncogenic K-ras. Genes Dev 2001;
15: 3243-3248.

56. Kruzik A, Fetahagic D, Hartlieb B, Dorn S, Koppensteiner
H, Horling FM, et al. Prevalence of anti-adeno-associated virus
immune responses in international cohorts of healthy donors. Mol
Ther Methods Clin Dev 2019; 14: 126-133.

57. Weber T. Anti-AAV antibodies in AAV gene therapy: Current
challenges and possible solutions. Front Immunol 2021; 12:
658399-658404.

58. Lochrie MA, Tatsuno GP, Christie B, McDonnell JW, Zhou
S, Surosky R, et al. Mutations on the external surfaces of adeno-
associated virus type 2 capsids that affect transduction and
neutralization. ] Virol 2006; 80: 821-834.

59. Monteilhet V, Saheb S, Boutin S, Leborgne C, Veron P, Montus
M-F et al. A 10 patient case report on the impact of plasmapheresis
upon neutralizing factors against adeno-associated virus (AAV)
types 1, 2, 6, and 8. Mol Ther 2011; 19: 2084-2091.

60. Bertin B, Veron P, Leborgne C, Deschamps J-Y, Moullec S,
Fromes Y, et al. Capsid-specific removal of circulating antibodies
to adeno-associated virus vectors. Sci Rep 2020; 10: 864-875.

61. Orlowski A, Katz MG, Gubara SM, Fargnoli AS, Fish KM,
Weber T. Successful transduction with AAV vectors after selective
depletion of anti-AAV antibodies by immunoadsorption. Mol
Ther Methods Clin Dev 2020; 16: 192-203.

62. Vincents B, von Pawel-Rammingen U, Bjorck L, Abrahamson
M. Enzymatic characterization of the streptococcal endopeptidase,
IdeS, reveals that it is a cysteine protease with strict specificity for
IgG cleavage due to exosite binding. Biochemistry 2004; 43: 15540-
15549.

63. Leborgne C, Barbon E, Alexander JM, Hanby H, Delignat S,
Cohen DM, et al. IgG-cleaving endopeptidase enables in vivo gene
therapy in the presence of anti-AAV neutralizing antibodies. Nat
Med 2020; 26: 1096-1101.

64. Elmore ZC, Oh DK, Simon KE, Fanous MM, Asokan A.
Rescuing AAV gene transfer from neutralizing antibodies with an
IgG-degrading enzyme. JCI Insight 2020; 5: €139881-139892.
65. Yang Z-X, Fu Y-W, Zhao J-J, Zhang E Li S-A, Zhao M, et
al. Superior fidelity and distinct editing outcomes of SaCas9
compared with SpCas9 in genome editing. Genomics Proteomics
Bioinformatics 2023; 21: 1206-1220.

66. Kleinstiver BP, Prew MS, Tsai SQ, Nguyen NT, Topkar V 'V,
Zheng Z, et al. Broadening the targeting range of Staphylococcus
aureus CRISPR-Cas9 by modifying PAM recognition. Nat
Biotechnol 2015; 33: 1293-1298.

67. Gillmore JD, Gane E, Taubel ], Kao J, Fontana M, Maitland
ML, et al. CRISPR-Cas9 in vivo gene editing for transthyretin
amyloidosis. N Engl ] Med 2021; 385: 493-502.

68. Yue N, Xu H, Xu J, Zhu M, Zhang Y, Tian C-M, et al.
Therapeutic potential of gene therapy for gastrointestinal diseases:
Advancements and future perspectives. Mol Ther Oncolytics 2023;
30: 193-215.

69. Zhang S, Wang Y, Mao D, Wang Y, Zhang H, Pan Y, et al.
Current trends of clinical trials involving CRISPR/Cas systems.
Front Med 2023; 10: 1292452-1292470.

70. Ma L, Ma Y, Gao Q, Liu S, Zhu Z, Shi X, et al. Mulberry leaf
lipid nanoparticles: A naturally targeted CRISPR/Cas9 oral
delivery platform for alleviation of colon diseases. Small 2024; 20:
€2307247.

71. Matano M, Date S, Shimokawa M, Takano A, Fujii M, Ohta
Y, et al. Modeling colorectal cancer using CRISPR-Cas9-mediated
engineering of human intestinal organoids. Nat Med 2015; 21:
256-262.

72. Bhokisham N, Laudermilch E, Traeger LL, Bonilla TD, Ruiz-

Iran ) Basic Med Sci, 2025, Vol. 28, No. 10



CRISPR/Cas9 in colorectal cancer

Estevez M, Becker JR. CRISPR-Cas system: The current and
emerging translational landscape. Cells 2023; 12: 1103-1142.
73.LiY,LiC, Yan ], Liao Y, Qin C, Wang L, et al. Polymeric micellar
nanoparticles for effective CRISPR/Cas9 genome editing in cancer.
Biomaterials 2024; 309: 122573.

74.Wan T, Pan Q, Liu C, Guo J, Li B, Yan X, et al. A duplex CRISPR-
Cas9 ribonucleoprotein nanomedicine for colorectal cancer gene
therapy. Nano Lett 2021; 21: 9761-9771.

75. Feng Q, Li Q, Zhou H, Wang Z, Lin C, Jiang Z, et al. CRISPR
technology in human diseases. MedComm 2024; 5: 672-743.

76. Mlecnik B, Bifulco C, Bindea G, Marliot F, Lugli A, Lee JJ, et
al. Multicenter international society for immunotherapy of cancer
study of the consensus immunoscore for the prediction of survival
and response to chemotherapy in stage III colon cancer. J Clin
Oncol 2020; 38: 3638-3651.

77. Zheng Z, Wieder T, Mauerer B, Schifer L, Kesselring R,
Braumiiller H. T cells in colorectal cancer: Unravelling the function
of different T cell subsets in the tumor microenvironment. Int J
Mol Sci 2023; 24: 11673-11708.

78. Mlecnik B, Lugli A, Bindea G, Marliot E, Bifulco C, Lee J-K]J, et
al. Multicenter international study of the consensus immunoscore
for the prediction of relapse and survival in early-stage colon
cancer. Cancers (Basel) 2023; 15: 418-437.

79. Oliveira G, Wu CJ. Dynamics and specificities of T cells in
cancer immunotherapy. Nat Rev Cancer 2023; 23: 295-316.

80. Geginat ], Paroni M, Maglie S, Alfen JS, Kastirr I, Gruarin P, et
al. Plasticity of human CD4 T cell subsets. Front Immunol 2014;
5: 630-640.

81. Bell HN, Huber AK, Singhal R, Korimerla N, Rebernick R],
Kumar R, et al. Microenvironmental ammonia enhances T cell
exhaustion in colorectal cancer. Cell Metab 2023; 35: 134-149.

82. Bhaumik S, Basu R. Cellular and molecular dynamics of Th17
differentiation and its developmental plasticity in the intestinal
immune response. Front Immunol 2017; 8: 254-274.

83. Kruse B, Buzzai AC, Shridhar N, Braun AD, Gellert S, Knauth
K, et al. CD4(+) T cell-induced inflammatory cell death controls
immune-evasive tumours. Nature 2023; 618: 1033-1040.

84. Takeuchi A, Saito T. CD4 CTL, a cytotoxic subset of CD4+ T
cells, their differentiation and function. Front Immunol 2017; 8:
194-201.

85. Harbour SN, Maynard CL, Zindl CL, Schoeb TR, Weaver
CT. Thl7 cells give rise to Thl cells that are required for the
pathogenesis of colitis. Proc Natl Acad Sci U S A 2015; 112: 7061-
7066.

86. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ,
et al. Fate mapping of IL-17-producing T cells in inflammatory
responses. Nat Immunol 2011; 12: 255-263.

87.Wu T, Cui L, Liang Z, Liu C, Liu Y, Li J. Elevated serum IL-22
levels correlate with chemoresistant condition of colorectal cancer.
Clin Immunol 2013; 147:38-39.

88. Huber S, Gagliani N, Zenewicz LA, Huber FJ, Bosurgi L, Hu
B, et al. IL-22BP is regulated by the inflammasome and modulates
tumorigenesis in the intestine. Nature 2012; 491: 259-263.

89. Kirchberger S, Royston DJ, Boulard O, Thornton E, Franchini
F, Szabady RL, et al. Innate lymphoid cells sustain colon cancer
through production of interleukin-22 in a mouse model. ] Exp
Med 2013; 210: 917-931.

90. Perez LG, Kempski J, McGee HM, Pelzcar P, Agalioti T,
Giannou A, et al. TGF-p signaling in Th17 cells promotes IL-22
production and colitis-associated colon cancer. Nat Commun
2020; 11: 2608-2622.

91. Sawant DV, Vignali DAA. Once a Treg, always a Treg? Immunol
Rev 2014; 259: 173-191.

92.YangH, Li Q, Chen X, Weng M, Huang Y, Chen Q, et al. Targeting
SOX13 inhibits assembly of respiratory chain supercomplexes to
overcome ferroptosis resistance in gastric cancer. Nat Commun
2024; 15: 4296-4317.

93. Bruni D, Angell HK, Galon J. The immune contexture and
Immunoscore in cancer prognosis and therapeutic efficacy. Nat
Rev Cancer 2020; 20: 662-680.

Iran J Basic Med Sci, 2025, Vol. 28, No. 10

N=MS

Alhasso et al.

94. Rentschler M, Braumiiller H, Briquez PS, Wieder T. Cytokine-
induced senescence in the tumor microenvironment and its effects
on anti-tumor immune responses. Cancers (Basel) 2022; 14: 1364-
1386.

95. Brenner E, Schorg BE, Ahmetli¢ E, Wieder T, Hilke FJ, Simon
N, et al. Cancer immune control needs senescence induction by
interferon-dependent cell cycle regulator pathways in tumours.
Nat Commun 2020; 11: 1335-1354.

96. Wozniakova M, Skarda J, Raska M. The role of tumor
microenvironment and immune response in colorectal cancer
development and prognosis. Pathol Oncol Res 2022; 28: 1610502-
1610514.

97. Li H, Wang Y, Fan R, Lv H, Sun H, Xie H, et al. The effects
of ferulic acid on the pharmacokinetics of warfarin in rats after
biliary drainage. Drug Des Devel Ther 2016; 10: 2173-2180.

98. Braumiller H, Mauerer B, Andris J, Berlin C, Wieder
T, Kesselring R. The cytokine network in colorectal cancer:
Implications for new treatment strategies. Cells 2023; 12: 138-173.
99. Li H, Jiang Y, Wang Y, Lv H, Xie H, Yang G, et al. The effects
of warfarin on the pharmacokinetics of senkyunolide I in a rat
model of biliary drainage after administration of chuanxiong.
Front Pharmacol 2018; 9: 1461-1469.

100. Liu M, Kuo E, Capistrano KJ, Kang D, Nixon BG, Shi W, et al.
TGEF-B suppresses type 2 immunity to cancer. Nature 2020; 587:
115-120.

101. Qi C, Gong J, Li J, Liu D, Qin Y, Ge S, et al. Claudin18.2-
specific CAR T cells in gastrointestinal cancers: Phase 1 trial
interim results. Nat Med. 2022; 28: 1189-1198.

102. Tauriello DVE Palomo-Ponce S, Stork D, Berenguer-Llergo A,
Badia-Ramentol J, Iglesias M, et al. TGFp drives immune evasion
in genetically reconstituted colon cancer metastasis. Nature 2018;
554: 538-543.

103. Gires O, Pan M, Schinke H, Canis M, Baeuerle PA. Expression
and function of epithelial cell adhesion molecule EpCAM: Where
are we after 40 years? Cancer Metastasis Rev 2020; 39: 969-987.
104. Katz SC, Moody AE, Guha P, Hardaway JC, Prince E, LaPorte
J, et al. HITM-SURE: Hepatic immunotherapy for metastases
phase Ib anti-CEA CAR-T study utilizing pressure enabled drug
delivery. ] Immunother Cancer 2020; 8: €001097-1104.

105. Guinney ], Dienstmann R, Wang X, de Reynies A, Schlicker A,
Soneson C, et al. The consensus molecular subtypes of colorectal
cancer. Nat Med 2015; 21: 1350-1356.

106. Zhang B, Wang Y, Wang S, Tang Y, Li Z, Lin L, et al. Precise RNA
editing: Cascade self-uncloaking dual-prodrug nanoassemblies
based on CRISPR/Casl3a for pleiotropic immunotherapy of PDX
L1-resistant colorectal cancer. Adv Funct Mater 2023; 33: 2305630.
107. Zhang N, Li J, Yu J, Wan Y, Zhang C, Zhang H, et al.
Construction of an IL12 and CXCL11 armed oncolytic herpes
simplex virus using the CRISPR/Cas9 system for colon cancer
treatment. Virus Res 2023; 323: 198979-198990.

108. Gao L, Yang L, Zhang S, Ge Z, Su M, Shi Y, et al. Engineering
NK-92 cell by upregulating CXCR2 and IL-2 Via CRISPR-Cas9
improves its antitumor effects as cellular immunotherapy for
human colon cancer. ] Interf cytokine Res 2021; 41: 450-460.

109. Zhu D, Kim W], Lee H, Bao X, Kim P. Engineering CARXT
therapeutics for enhanced solid tumor targeting. Adv Mater
2025:e241488.

110. Han HA, Pang JKS, Soh B-S. Mitigating off-target effects in
CRISPR/Cas9-mediated in vivo gene editing. ] Mol Med 2020; 98:
615-632.

111. Kay MA. State-of-the-art gene-based therapies: The road
ahead. Nat Rev Genet 2011; 12: 316-328.

112. Nayak S, Herzog RW. Progress and prospects: Immune
responses to viral vectors. Gene Ther 2010; 17: 295-304.

113. Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J, Lim
A, Morillon E, et al. Insertional oncogenesis in 4 patients after
retrovirus-mediated gene therapy of SCID-X1. ] Clin Invest 2008;
118: 3132-3142.

114. Xu A, Deng E, Chen Y, Kong Y, Pan L, Liao Q, et al. NF-kB
pathway activation during endothelial-to-mesenchymal transition

1295



Alhasso et al.

in a rat model of doxorubicin-induced cardiotoxicity. Biomed
Pharmacother 2020; 130: 110525-110537.

115. Dong B, Nakai H, Xiao W. Characterization of genome
integrity for oversized recombinant AAV vector. Mol Ther 2010;
18: 87-92.

116. Swiech L, Heidenreich M, Banerjee A, Habib N, Li Y,
Trombetta J, et al. In vivo interrogation of gene function in the
mammalian brain using CRISPR-Cas9. Nat Biotechnol 2015; 33:
102-106.

117. Senis E, Fatouros C, Grof3e S, Wiedtke E, Niopek D, Mueller
A-K, et al. CRISPR/Cas9-mediated genome engineering: An
adeno-associated viral (AAV) vector toolbox. Biotechnol J 2014;
9: 1402-1412.

118. Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI,
Dohmae N, et al. Crystal structure of Cas9 in complex with guide
RNA and target DNA. Cell 2014; 156: 935-949.

119. Tong G, Peng T, Chen Y, Sha L, Dai H, Xiang Y, et al. Effects
of GLP-1 receptor agonists on biological behavior of colorectal
cancer cells by regulating PI3K/AKT/mTOR signaling pathway.
Front Pharmacol 2022; 13: 901559-901568.

120. Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz AJ,
et al. In vivo genome editing using Staphylococcus aureus Cas9.
Nature 2015; 520: 186-191.

121. Friedland AE, Baral R, Singhal P, Loveluck K, Shen S, Sanchez
M, et al. Characterization of Staphylococcus aureus Cas9: A smaller
Cas9 for all-in-one adeno-associated virus delivery and paired
nickase applications. Genome Biol 2015; 16: 257-267.

122. Pack DW, Hoffman AS, Pun S, Stayton PS. Design and
development of polymers for gene delivery. Nat Rev Drug Discov
2005; 4: 581-593.

123. Wang M, Zuris JA, Meng F, Rees H, Sun S, Deng P, et al.
Efficient delivery of genome-editing proteins using bioreducible
lipid nanoparticles. Proc Natl Acad Sci U S A 2016; 113: 2868-
2873.

124. Zuris JA, Thompson DB, Shu Y, Guilinger JP, Bessen JL, Hu
JH, et al. Cationic lipid-mediated delivery of proteins enables
efficient protein-based genome editing in vitro and in vivo. Nat
Biotechnol 2015; 33: 73-80.

125. Lee K, Conboy M, Park HM, Jiang F, Kim HJ, Dewitt MA,
et al. Nanoparticle delivery of Cas9 ribonucleoprotein and donor
DNA in vivo induces homology-directed DNA repair. Nat Biomed
Eng 2017; 1: 889-901.

126. Wu B, Wang Z-X, Xie H, Xie P-L. Dimethyl fumarate augments
anticancer activity of 4ngstrom silver particles in myeloma cells
through NRF2 activation. Adv Ther 2025; 8: 2400363.

127. Li L, He Z-Y, Wei X-W, Gao G-P, Wei Y-Q. Challenges in
CRISPR/CAS9 delivery: Potential roles of nonviral vectors. Hum
Gene Ther 2015; 26: 452-462.

128. Yang H, He C, Bi Y, Zhu X, Deng D, Ran T, et al. Synergistic
effect of VEGF and SDF-1a in endothelial progenitor cells and
vascular smooth muscle cells. Front Pharmacol 2022; 13: 914347-
914358.

129. Ramamoorth M, Narvekar A. Non viral vectors in gene
therapy- an overview. ] Clin Diagn Res 2015; 9: GE01-6.

130. Ginn SL, Amaya AK, Alexander IE, Edelstein M, Abedi MR.
Gene therapy clinical trials worldwide to 2017: An update. ] Gene
Med 2018; 20: €3015.

131.LiH, Zhou Y, Liao L, Tan H, Li Y, Li Z, et al. Pharmacokinetics
effects of chuanxiong rhizoma on warfarin in pseudo germ-free
rats. Front Pharmacol 2022; 13: 1022567-1022578.

132. D. GJ, Ed G, Jorg T, Justin K, Marianna F, L. MM, et al.
CRISPR-Cas9 in vivo gene editing for transthyretin amyloidosis. N
Engl ] Med 2021; 385: 493-502.

133. Zhang Z, Zhang S, Wong HT, Li D, Feng B. Targeted gene
insertion: The cutting edge of CRISPR drug development with
hemophilia as a highlight. BioDrugs 2024; 38: 369-385.

134. Kim S, Kim D, Cho SW, Kim J, Kim J-S. Highly efficient RNA-
guided genome editing in human cells via delivery of purified
Cas9 ribonucleoproteins. Genome Res 2014; 24: 1012-1019.

135. Bazak R, Houri M, El Achy S, Kamel S, Refaat T. Cancer active

1296

=MS

CRISPR/Cas9 in colorectal cancer

targeting by nanoparticles: a comprehensive review of literature. J
Cancer Res Clin Oncol 2015; 141: 769-784.

136. Steichen SD, Caldorera-Moore M, Peppas NA. A review of
current nanoparticle and targeting moieties for the delivery of
cancer therapeutics. Eur ] Pharm Sci 2013; 48: 416-427.

137. Sudimack J, Lee RJ. Targeted drug delivery via the folate
receptor. Adv Drug Deliv Rev 2000; 41: 147-162.

138. He Z-Y, Zhang Y-G, Yang Y-H, Ma C-C, Wang P, Du W, et
al. In vivo ovarian cancer gene therapy using CRISPR-Cas9. Hum
Gene Ther 2018; 29: 223-233.

139. Peng W, Chen L, Liu J. Celastrol inhibits gastric cancer cell
proliferation, migration, and invasion via the FOXA1/CLDN4
axis. Toxicol Res (Camb) 2023; 12: 392-399.

140. Deshpande P, Jhaveri A, Pattni B, Biswas S, Torchilin V.
Transferrin and octaarginine modified dual-functional liposomes
with improved cancer cell targeting and enhanced intracellular
delivery for the treatment of ovarian cancer. Drug Deliv 2018; 25:
517-532.

141. Ahangar RM, Firuzpour F, Aram C. Diffuse idiopathic
pulmonary neuroendocrine cell hyperplasia (DIPNECH) in a
50-year-old woman. Case Reports Clin Pract 2025; 9: 152-158.
142. Papademetriou I, Vedula E, Charest J, Porter T. Effect of flow
on targeting and penetration of angiopep-decorated nanoparticles
in a microfluidic model blood-brain barrier. PLoS One 2018; 13:
€0205158-205176.

143. Xin H, Jiang X, Gu J, Sha X, Chen L, Law K, et al. Angiopep-
conjugated poly (ethylene glycol)-co-poly (e-caprolactone)
nanoparticles as dual-targeting drug delivery system for brain
glioma. Biomaterials 2011; 32: 4293-4305.

144. Kim JS, Shin DH, Kim J-S. Dual-targeting immunoliposomes
using angiopep-2 and CD133 antibody for glioblastoma stem cells.
] Control Release 2018; 269: 245-257.

145. Liang C, Li E Wang L, Zhang Z-K, Wang C, He B, et al. Tumor
cell-targeted delivery of CRISPR/Cas9 by aptamer-functionalized
lipopolymer for therapeutic genome editing of VEGFA in
osteosarcoma. Biomaterials 2017; 147: 68-85.

146. Salvi N, Abyzov A, Blackledge M. Analytical description of
NMR relaxation highlights correlated dynamics in intrinsically
disordered proteins. Angew Chem Int Ed Engl 2017; 56: 14020-
14024.

147.Yin H, Kauffman KJ, Anderson DG. Delivery technologies for
genome editing. Nat Rev Drug Discov 2017; 16: 387-399.

148. Silvius JR, Leventis R. A novel “Prebinding” strategy
dramatically enhances sortase-mediated coupling of proteins to
liposomes. Bioconjug Chem 2017; 28: 1271-1282.

149. Koide H, Tsuchida H, Nakamoto M, Okishima A, Ariizumi S,
Kiyokawa C, et al. Rational designing of an antidote nanoparticle
decorated with abiotic polymer ligands for capturing and
neutralizing target toxins. ] Control release 2017; 268: 335-342.
150. Wang D, Zhang F, Gao G. CRISPR-based therapeutic genome
editing: strategies and in vivo delivery by AAV vectors. Cell 2020;
181: 136-150.

151. Meliani A, Boisgerault F, Hardet R, Marmier S, Collaud
FE Ronzitti G, et al. Antigen-selective modulation of AAV
immunogenicity with tolerogenic rapamycin  nanoparticles
enables successful vector re-administration. Nat Commun 2018;
9:4098-4111.

152. Anzalone A V, Randolph PB, Davis JR, Sousa AA, Koblan
LW, Levy JM, et al. Search-and-replace genome editing without
double-strand breaks or donor DNA. Nature 2019; 576: 149-157.
153. Erdogan B, Ao M, White LM, Means AL, Brewer BM, Yang L,
et al. Cancer-associated fibroblasts promote directional cancer cell
migration by aligning fibronectin. J Cell Biol 2017; 216: 3799-3816.
154. Cheng Q, Wei T, Farbiak L, Johnson LT, Dilliard SA, Siegwart
DJ. Selective organ targeting (SORT) nanoparticles for tissue-
specific mRNA delivery and CRISPR-Cas gene editing. Nat
Nanotechnol 2020; 15: 313-320.

155. Li L, Hu S, Chen X. Non-viral delivery systems for CRISPR/
Cas9-based genome editing: Challenges and opportunities.
Biomaterials 2018; 171: 207-218.

Iran ) Basic Med Sci, 2025, Vol. 28, No. 10



CRISPR/Cas9 in colorectal cancer

156. Rosenblum D, Gutkin A, Kedmi R, Ramishetti S, Veiga N,
Jacobi AM, et al. CRISPR-Cas9 genome editing using targeted
lipid nanoparticles for cancer therapy. Sci Adv 2020; 6: eabc9450-
eabc9462.

157. Yau EH, Kummetha IR, Lichinchi G, Tang R, Zhang Y, Rana
TM. Genome-wide CRISPR screen for essential cell growth
mediators in mutant KRAS colorectal cancers. Cancer Res 2017;
77:6330-6339.

158. Roper ], Tammela T, Cetinbas NM, Akkad A, Roghanian A,
Rickelt S, et al. In vivo genome editing and organoid transplantation
models of colorectal cancer and metastasis. Nat Biotechnol 2017;
35: 569-576.

159. Li Y, Li X, Qu J, Luo D, Hu Z. Cas9 mediated correction
of B-catenin mutation and restoring the expression of protein
phosphorylation in colon cancer HCT-116 cells decrease cell
proliferation in vitro and hamper tumor growth in mice in vivo.
Onco Targets Ther 2020; 13: 17-29.

160. Drost J, van Jaarsveld RH, Ponsioen B, Zimberlin C, van
Boxtel R, Buijs A, et al. Sequential cancer mutations in cultured
human intestinal stem cells. Nature 2015; 521: 43-47.

161. Pothuraju R, Rachagani S, Krishn SR, Chaudhary S,
Nimmakayala RK, Siddiqui JA, et al. Molecular implications
of MUC5AC-CD44 axis in colorectal cancer progression and
chemoresistance. Mol Cancer 2020; 19: 37-51.

162. Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, et
al. High-frequency off-target mutagenesis induced by CRISPR-Cas
nucleases in human cells. Nat Biotechnol 2013; 31: 822-826.

163. Ghaemi A, Bagheri E, Abnous K, Taghdisi SM, Ramezani M,
Alibolandi M. CRISPR-cas9 genome editing delivery systems for
targeted cancer therapy. Life Sci 2021; 267: 118969.

164. Sioson VA, Kim M, Joo J. Challenges in delivery systems for
CRISPR-based genome editing and opportunities of nanomedicine.
Biomed Eng Lett 2021; 11: 217-233.

165. Chehelgerdi M, Chehelgerdi M, Khorramian-Ghahfarokhi M,
Shafieizadeh M, Mahmoudi E, Eskandari F, et al. Comprehensive
review of CRISPR-based gene editing: mechanisms, challenges,
and applications in cancer therapy. Mol Cancer 2024; 23: 9-54.
166. Allemailem KS, Alsahli MA, Almatroudi A, Alrumaihi F
Alkhaleefah FK, Rahmani AH, et al. Current updates of CRISPR/
Cas9¥mediated genome editing and targeting within tumor cells:
An innovative strategy of cancer management. Cancer Commun
2022; 42: 1257-1287.

167. 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.

168. Chen JS, Dagdas YS, Kleinstiver BP, Welch MM, Sousa AA,
Harrington LB, et al. Enhanced proofreading governs CRISPR-
Cas9 targeting accuracy. Nature 2017; 550: 407-410.

169. Griinewald J, Zhou R, Garcia SP, Iyer S, Lareau CA, Aryee
M]J, et al. Transcriptome-wide off-target RNA editing induced by
CRISPR-guided DNA base editors. Nature 2019; 569: 433-437.
170. Takeda H, Kataoka S, Nakayama M, Ali MAE, Oshima H,
Yamamoto D, et al. CRISPR-Cas9-mediated gene knockout in
intestinal tumor organoids provides functional validation for
colorectal cancer driver genes. Proc Natl Acad Sci U S A 2019; 116:
15635-15644.

171. Galon J, Bruni D. Tumor immunology and tumor evolution:
Intertwined histories. Immunity 2020; 52: 55-81.

172. Klemm E Mockl A, Salamero-Boix A, Alekseeva T, Schiffer
A, Schulz M, et al. Compensatory CSF2-driven macrophage
activation promotes adaptive resistance to CSFIR inhibition in
breast-to-brain metastasis. Nat Cancer 2021; 2: 1086-1101.

173. Bejarano L, Jordao MJC, Joyce JA. Therapeutic targeting of
the tumor microenvironment. Cancer Discov 2021; 11: 933-959.
174. Charlesworth CT, Deshpande PS, Dever DP, Camarena J,
Lemgart VT, Cromer MK, et al. Identification of preexisting
adaptive immunity to Cas9 proteins in humans. Nat Med 2019; 25:
249-254.

175. Xu W, Zhang S, Qin H, Yao K. From bench to bedside:
Cutting-edge applications of base editing and prime editing in

Iran J Basic Med Sci, 2025, Vol. 28, No. 10

N=MS

Alhasso et al.

precision medicine. ] Transl Med 2024; 22: 1133-1176.

176. Li R, Wang Y, Hu H, Tan Y, Ma Y. Metagenomic analysis
reveals unexplored diversity of archaeal virome in the human gut.
Nat Commun 2022; 13: 7978-7990.

177. Huang S, Zhang Z, Tao W, Liu Y, Li X, Wang X, et al.
Broadening prime editing toolkits using RNA-Pol-II-driven
engineered pegRNA. Mol Ther 2022; 30: 2923-2932.

178. Huang TP, Zhao KT, Miller SM, Gaudelli NM, Oakes BL,
Fellmann C, et al. Circularly permuted and PAM-modified Cas9
variants broaden the targeting scope of base editors. Nat Biotechnol
2019; 37: 626-631.

179. Anzalone A V, Koblan LW, Liu DR. Genome editing with
CRISPR-Cas nucleases, base editors, transposases and prime
editors. Nat Biotechnol 2020; 38: 824-844.

180. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR.
Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016; 533: 420-424.

181. Cho S-I, Lee S, Mok YG, Lim K, Lee J, Lee JM, et al.
Targeted A-to-G base editing in human mitochondrial DNA with
programmable deaminases. Cell 2022; 185: 1764-1776.

182. Mok BY, de Moraes MH, Zeng J, Bosch DE, Kotrys A V,
Raguram A, et al. A bacterial cytidine deaminase toxin enables
CRISPR-free mitochondrial base editing. Nature 2020; 583: 631-
637.

183. Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M, Tabata
M, et al. Targeted nucleotide editing using hybrid prokaryotic and
vertebrate adaptive immune systems. Science 2016; 353: aaf8729.
184. Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH,
Bryson DI, et al. Programmable base editing of A+T to G«C in
genomic DNA without DNA cleavage. Nature 2017; 551: 464-471.
185. Alanis-Lobato G, Zohren ], McCarthy A, Fogarty NME,
Kubikova N, Hardman E, et al. Frequent loss of heterozygosity in
CRISPR-Cas9-edited early human embryos. Proc Natl Acad Sci U
S A 2021; 118: €2004832117-e2004832126.

186. Thry R], Worringer KA, Salick MR, Frias E, Ho D, Therijault K,
et al. p53 inhibits CRISPR-Cas9 engineering in human pluripotent
stem cells. Nat Med 2018; 24: 939-946.

187. Haapaniemi E, Botla S, Persson J, Schmierer B, Taipale J.
CRISPR-Cas9 genome editing induces a p53-mediated DNA
damage response. Nat Med 2018; 24: 927-930.

188. Enache OM, Rendo V, Abdusamad M, Lam D, Davison D,
Pal S, et al. Cas9 activates the p53 pathway and selects for p53-
inactivating mutations. Nat Genet 2020; 52: 662-668.

189. Tao J, Wang Q, Mendez-Dorantes C, Burns KH, Chiarle R.
Frequency and mechanisms of LINE-1 retrotransposon insertions
at CRISPR/Cas9 sites. Nat Commun 2022; 13: 3685-3702.

190. Ferrari S, Jacob A, Beretta S, Unali G, Albano L, Vavassori
V, et al. Efficient gene editing of human long-term hematopoietic
stem cells validated by clonal tracking. Nat Biotechnol 2020; 38:
1298-1308.

191. Song Y, Liu Z, Zhang Y, Chen M, Sui T, Lai L, et al. Large-
fragment deletions induced by Cas9 cleavage while not in the BEs
system. Mol Ther Nucleic Acids 2020; 21: 523-526.

192. Gehrke JM, Cervantes O, Clement MK, Wu Y, Zeng J, Bauer
DE, et al. An APOBEC3A-Cas9 base editor with minimized
bystander and off-target activities. Nat Biotechnol 2018; 36: 977-
982.

193. Doman JL, Raguram A, Newby GA, Liu DR. Evaluation and
minimization of Cas9-independent off-target DNA editing by
cytosine base editors. Nat Biotechnol 2020; 38: 620-628.

194. Rees HA, Wilson C, Doman JL, Liu DR. Analysis and
minimization of cellular RNA editing by DNA adenine base
editors. Sci Adv 2019; 5: eaax5717-5727.

195. Griinewald J, Zhou R, Iyer S, Lareau CA, Garcia SP, Aryee MJ,
et al. CRISPR DNA base editors with reduced RNA oft-target and
self-editing activities. Nat Biotechnol 2019; 37: 1041-1048.

196. Kim YB, Komor AC, Levy JM, Packer MS, Zhao KT, Liu
DR. Increasing the genome-targeting scope and precision of base
editing with engineered Cas9-cytidine deaminase fusions. Nat
Biotechnol 2017; 35: 371-376.

1297



Alhasso et al.

197. Nishimasu H, Shi X, Ishiguro S, Gao L, Hirano S, Okazaki S,
et al. Engineered CRISPR-Cas9 nuclease with expanded targeting
space. Science 2018; 361: 1259-1262.

198. Walton RT, Christie KA, Whittaker MN, Kleinstiver BP.
Unconstrained genome targeting with near-PAMless engineered
CRISPR-Cas9 variants. Science 2020; 368: 290-296.

199. Miller SM, Wang T, Randolph PB, Arbab M, Shen MW, Huang
TP, et al. Continuous evolution of SpCas9 variants compatible with
non-G PAMs. Nat Biotechnol 2020; 38: 471-481.

200. Sakata RC, Ishiguro S, Mori H, Tanaka M, Tatsuno K, Ueda
H, et al. Base editors for simultaneous introduction of C-to-T and
A-to-G mutations. Nat Biotechnol 2020; 38: 865-869.

201. Griinewald ], Zhou R, Lareau CA, Garcia SP, Iyer S, Miller BR,
et al. A dual-deaminase CRISPR base editor enables concurrent
adenine and cytosine editing. Nat Biotechnol 2020; 38: 861-864.
202. Zhang X, Zhu B, Chen L, Xie L, Yu W, Wang Y, et al. Dual
base editor catalyzes both cytosine and adenine base conversions
in human cells. Nat Biotechnol 2020; 38: 856-860.

203. Kurt IC, Zhou R, Iyer S, Garcia SP, Miller BR, Langner LM,
et al. CRISPR C-to-G base editors for inducing targeted DNA
transversions in human cells. Nat Biotechnol 2021; 39: 41-46.
204. Zhao D, Li ], Li S, Xin X, Hu M, Price MA, et al. Glycosylase
base editors enable C-to-A and C-to-G base changes. Nat
Biotechnol 2021; 39: 35-40.

205. Chen L, Park JE, Paa P, Rajakumar PD, Prekop H-T, Chew
YT, et al. Programmable C:G to G:C genome editing with CRISPR-
Cas9-directed base excision repair proteins. Nat Commun 2021;
12: 1384-1391.

206. Koblan LW, Arbab M, Shen MW, Hussmann JA, Anzalone A
V, Doman JL, et al. Efficient CeG-to-GeC base editors developed
using CRISPRi screens, target-library analysis, and machine
learning. Nat Biotechnol 2021; 39: 1414-1425.

207. Chen L, Hong M, Luan C, Gao H, Ru G, Guo X, et al. Adenine
transversion editors enable precise, efficient AeT-to-CeG base
editing in mammalian cells and embryos. Nat Biotechnol 2024;
42: 638-650.

208. Tong H, Wang X, Liu Y, Liu N, Li Y, Luo ], et al. Programmable
A-to-Y base editing by fusing an adenine base editor with an
N-methylpurine DNA glycosylase. Nat Biotechnol 2023; 41: 1080-
1084.

209. Tong H, Wang H, Wang X, Liu N, Li G, Wu D, et al
Development of deaminase-free T-to-S base editor and C-to-G
base editor by engineered human uracil DNA glycosylase. Nat
Commun 2024; 15: 4897-4909.

210. Hanna RE, Hegde M, Fagre CR, DeWeirdt PC, Sangree AK,
Szegletes Z, et al. Massively parallel assessment of human variants
with base editor screens. Cell 2021; 184: 1064-1080.
211.ZhaoL,Liao M, LiL, Chen L, Zhang T, Li R. Cadmium activates
the innate immune system through the AIM2 inflammasome.
Chem Biol Interact 2024; 399: 111122.

212. Rothgangl T, Dennis MK, Lin PJC, Oka R, Witzigmann D,
Villiger L, et al. In vivo adenine base editing of PCSK9 in macaques
reduces LDL cholesterol levels. Nat Biotechnol 2021; 39: 949-957.
213. Musunuru K, Chadwick AC, Mizoguchi T, Garcia SP, DeNizio
JE, Reiss CW, et al. In vivo CRISPR base editing of PCSK9 durably
lowers cholesterol in primates. Nature 2021; 593: 429-434.

214. Xu F, Zheng C, Xu W, Zhang S, Liu S, Chen X, et al. Breaking
genetic shackles: The advance of base editing in genetic disorder
treatment. Front Pharmacol 2024; 15: 1364135-1364174.

215. Rees HA, Liu DR. Base editing: precision chemistry on the
genome and transcriptome of living cells. Nat Rev Genet 2018; 19:
770-788.

216. Wang K, Ning S, Zhang S, Jiang M, Huang Y, Pei H, et
al. Extracellular matrix stiffness regulates colorectal cancer
progression via HSF4. J Exp Clin Cancer Res 2025; 44: 30-51.

217. Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S,
Agarwala V, et al. DNA targeting specificity of RNA-guided Cas9
nucleases. Nat Biotechnol 2013; 31: 827-832.

218. Wu X, Scott DA, Kriz AJ, Chiu AC, Hsu PD, Dadon DB, et
al. Genome-wide binding of the CRISPR endonuclease Cas9 in

1298

=MS

CRISPR/Cas9 in colorectal cancer

mammalian cells. Nat Biotechnol 2014; 32: 670-676.

219. Pattanayak V, Lin S, Guilinger JP, Ma E, Doudna JA, Liu DR.
High-throughput profiling of off-target DNA cleavage reveals
RNA-programmed Cas9 nuclease specificity. Nat Biotechnol 2013;
31: 839-843.

220. Li S, Liu L, Sun W, Zhou X, Zhou H. A large-scale genome
and transcriptome sequencing analysis reveals the mutation
landscapes induced by high-activity adenine base editors in plants.
Genome Biol 2022; 23: 51-69.

221. Koblan LW, Doman JL, Wilson C, Levy JM, Tay T, Newby GA,
et al. Improving cytidine and adenine base editors by expression
optimization and ancestral reconstruction. Nat Biotechnol 2018;
36: 843-846.

222. Zafra MP, Schatoff EM, Katti A, Foronda M, Breinig M,
Schweitzer AY, et al. Optimized base editors enable efficient editing
in cells, organoids and mice. Nat Biotechnol 2018; 36: 888-893.
223.Lee S, Ding N, Sun Y, Yuan T, Li ], Yuan Q, et al. Single C-to-T
substitution using engineered APOBEC3G-nCas9 base editors
with minimum genome- and transcriptome-wide off-target effects.
Sci Adv 2020; 6: eabal773-1785.

224. Thuronyi BW, Koblan LW, Levy JM, Yeh W-H, Zheng C, Newby
GA, et al. Continuous evolution of base editors with expanded
target compatibility and improved activity. Nat Biotechnol 2019;
37:1070-1079.

225. Komor AC, Zhao KT, Packer MS, Gaudelli NM, Waterbury
AL, Koblan LW, et al. Improved base excision repair inhibition
and bacteriophage Mu Gam protein yields C: G-to-T: A base
editors with higher efficiency and product purity. Sci Adv 2017; 3:
eaao4774-4783.

226. Ma Y, Zhang J, Yin W, Zhang Z, Song Y, Chang X. Targeted
AID-mediated mutagenesis (TAM) enables efficient genomic
diversification in mammalian cells. Nat Methods 2016; 13: 1029-
1035.

227. Liu Z, Chen S, Shan H, Jia Y, Chen M, Song Y, et al. Precise
base editing with CC context-specificity using engineered human
APOBEC3G-nCas9 fusions. BMC Biol 2020; 18: 111-125.
228.LiuZ, Shan H, Chen S, Chen M, Zhang Q, Lai L, et al. Improved
base editor for efficient editing in GC contexts in rabbits with an
optimized AID-Cas9 fusion. FASEB ] 2019; 33: 9210-9219.

229. Liu LD, Huang M, Dai P, Liu T, Fan S, Cheng X, et al. Intrinsic
nucleotide preference of diversifying base editors guides antibody
ex vivo affinity maturation. Cell Rep 2018; 25: 884-892.

230. Zhang X, Chen L, Zhu B, Wang L, Chen C, Hong M, et al.
Increasing the efficiency and targeting range of cytidine base
editors through fusion of a single-stranded DNA-binding protein
domain. Nat Cell Biol 2020; 22: 740-750.

231. Huang TP, Heins ZJ, Miller SM, Wong BG, Balivada PA,
Wang T, et al. High-throughput continuous evolution of compact
Cas9 variants targeting single-nucleotide-pyrimidine PAMs. Nat
Biotechnol 2023; 41: 96-107.

232. Schmidheini L, Mathis N, Marquart KF, Rothgangl T, Kissling
L, Bock D, et al. Continuous directed evolution of a compact
CjCas9 variant with broad PAM compatibility. Nat Chem Biol
2024; 20: 333-343.

233. Chatterjee P, Jakimo N, Lee J, Amrani N, Rodriguez T, Koseki
SRT, et al. An engineered ScCas9 with broad PAM range and high
specificity and activity. Nat Biotechnol 2020; 38: 1154-1158.

234. Richter ME Zhao KT, Eton E, Lapinaite A, Newby GA,
Thuronyi BW, et al. Phage-assisted evolution of an adenine base
editor with improved Cas domain compatibility and activity. Nat
Biotechnol 2020; 38: 883-891.

235. Gaudelli NM, Lam DK, Rees HA, Sola-Esteves NM, Barrera
LA, Born DA, et al. Directed evolution of adenine base editors
with increased activity and therapeutic application. Nat Biotechnol
20205 38: 892-900.

236. Tycko ], Van M V, Aradhana, DelRosso N, Ye H, Yao D, et
al. Development of compact transcriptional effectors using high-
throughput measurements in diverse contexts. Nat Biotechnol
2024; 10: 1038.

237. He Y, Zhou X, Chang C, Chen G, Liu W, Li G, et al. Protein

Iran ) Basic Med Sci, 2025, Vol. 28, No. 10



CRISPR/Cas9 in colorectal cancer

language models-assisted optimization of a uracil-N-glycosylase
variant enables programmable T-to-G and T-to-C base editing.
Mol Cell 2024; 84: 1257-1270.

238. Luan F, Cui Y, Huang R, Yang Z, Qiao S. Comprehensive pan-
cancer analysis reveals NTNI as an immune infiltrate risk factor
and its potential prognostic value in SKCM. Sci Rep 2025; 15:
3223-3245.

239. Jin S, Lin Q, Luo Y, Zhu Z, Liu G, Li Y, et al. Genome-wide
specificity of prime editors in plants. Nat Biotechnol 2021; 39:
1292-1299.

240. Lin ], Liu X, Lu Z, Huang S, Wu S, Yu W, et al. Modeling
a cataract disorder in mice with prime editing. Mol Ther Nucleic
Acids 2021; 25: 494-501.

241. Gao P, Lyu Q, Ghanam AR, Lazzarotto CR, Newby GA, Zhang
W, et al. Prime editing in mice reveals the essentiality of a single
base in driving tissue-specific gene expression. Genome Biol 2021;
22: 83-104.

242. Liu Y, Li X, He S, Huang S, Li C, Chen Y, et al. Efficient
generation of mouse models with the prime editing system. Cell
Discov 20205 6: 27-31.

243. Gao R, Fu Z-C, Li X, Wang Y, Wei ], Li G, et al. Genomic and
transcriptomic analyses of prime editing guide RNA-independent
off-target effects by prime editors. Cris ] 2022; 5: 276-293.

244. Schene IF, Joore IP, Oka R, Mokry M, van Vugt AHM, van
Boxtel R, et al. Prime editing for functional repair in patient-
derived disease models. Nat Commun 2020; 11: 5352-5360.

245. Geurts MH, de Poel E, Pleguezuelos-Manzano C, Oka R,
Carrillo L, Andersson-Rolf A, et al. Evaluating CRISPR-based
prime editing for cancer modeling and CFTR repair in organoids.
Life Sci Alliance 2021; 4: €202000940-e202000952.

246. 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.

247. Liu B, Dong X, Cheng H, Zheng C, Chen Z, Rodriguez TC, et
al. A split prime editor with untethered reverse transcriptase and
circular RNA template. Nat Biotechnol 2022; 40: 1388-1393.

248. Li X, Zhou L, Gao B-Q, Li G, Wang X, Wang Y, et al. Highly
efficient prime editing by introducing same-sense mutations in
pegRNA or stabilizing its structure. Nat Commun 2022; 13: 1669-
1678.

249. LiuY, Yang G, Huang S, Li X, Wang X, Li G, et al. Enhancing
prime editing by Csy4-mediated processing of pegRNA. Vol. 31,
Cell research. England; 2021. p. 1134-1136.

250. Nelson JW, Randolph PB, Shen SP, Everette KA, Chen PJ,
Anzalone AV, et al. Engineered pegRNAs improve prime editing
efficiency. Nat Biotechnol 2022; 40: 402-410.

251. Atefi A, Ghanaatpisheh A, Ghasemi A, Haghshenas H, Eyvani
K, Bakhshi A, et al. Meningitis after COVID-19 vaccination, a
systematic review of case reports and case series. BMC Infect Dis
2024; 24: 1138-1162.

252. Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang
F. Rationally engineered Cas9 nucleases with improved specificity.
Science 2016; 351: 84-88.

253. Kim D, Lim K, Kim S-T, Yoon S-H, Kim K, Ryu S-M, et
al. Genome-wide target specificities of CRISPR RNA-guided
programmable deaminases. Nat Biotechnol 2017; 35: 475-480.
254. Wan T, Chen Y, Pan Q, Xu X, Kang Y, Gao X, et al. Genome
editing of mutant KRAS through supramolecular polymer-
mediated delivery of Cas9 ribonucleoprotein for colorectal cancer
therapy. ] Control Release 2020; 322: 236-247.

255. Blanas A, Cornelissen LAM, Kotsias M, van der Horst JC,
van de Vrugt HJ, Kalay H, et al. Transcriptional activation of
fucosyltransferase (FUT) genes using the CRISPR-dCas9-VPR
technology reveals potent N-glycome alterations in colorectal
cancer cells. Glycobiology 2019; 29: 137-150.

256. Hsu DS, Kornepati AV, Glover W, Kennedy EM, Cullen BR.
Targeting HPV16 DNA using CRISPR/Cas inhibits anal cancer
growth in vivo. Future Virol 2018; 13: 475-482.

257. Mingozzi F, High KA. Immune responses to AAV vectors:
Overcoming barriers to successful gene therapy. Blood 2013; 122:

Iran J Basic Med Sci, 2025, Vol. 28, No. 10

N=MS

Alhasso et al.

23-36.

258. Li T, Liu D, Lei X, Jiang Q. Par3L enhances colorectal cancer
cell survival by inhibiting Lkbl/AMPK signaling pathway.
Biochem Biophys Res Commun 2017; 482: 1037-1041.

259.Tao R, Han X, Bai X, Yu ], Ma Y, Chen W, et al. Revolutionizing
cancer treatment: Enhancing CAR-T cell therapy with CRISPR/
Cas9 gene editing technology. Front Immunol 2024; 15: 1354825-
1354836.

260. Samareh Salavatipour M, Poursalehi Z, Hosseini Rouzbahani
N, Mohammadyar S, Vasei M. CRISPR-Cas9 in basic and
translational aspects of cancer therapy. Bioimpacts 2024; 14:
30087-30108.

261. Yang Z, Liu X, Xu H, Teschendorft AE, Xu L, Li J, et al.
Integrative analysis of genomic and epigenomic regulation reveals
miRNA mediated tumor heterogeneity and immune evasion in
lower grade glioma. Commun Biol 2024; 7: 824-844.

262. Zhen S, Li X. Liposomal delivery of CRISPR/Cas9. Cancer
Gene Ther 2020; 27: 515-527.

263. Ashok B, Peppas NA, Wechsler ME. Lipid- and polymer-
based nanoparticle systems for the delivery of CRISPR/Cas9. ]
Drug Deliv Sci Technol 2021; 65: 102728-102756.

264. Wang P, Zhang L, Xie Y, Wang N, Tang R, Zheng W, et al.
Genome editing for cancer therapy: Delivery of Cas9 protein/
sgRNA plasmid via a gold nanocluster/lipid core-shell nanocarrier.
Adv Sci (Weinh) 2017; 4: 1700175-1700185.

265. Tsai SQ, Joung JK. Defining and improving the genome-wide
specificities of CRISPR-Cas9 nucleases. Nat Rev Genet 2016; 17:
300-312.

266. Koonin EV, Makarova KS. Anti-CRISPRs on the march.
Science 2018; 362: 156-157.

267. Zhang X-H, Tee LY, Wang X-G, Huang Q-S, Yang S-H. Off-
target effects in CRISPR/Cas9-mediated genome engineering. Mol
Ther Nucleic Acids 2015; 4: €264-272.

268. Guo Z, Guan K, Bao M, He B, Lu J. LINC-PINT plays an anti-
tumor role in nasopharyngeal carcinoma by binding to XRCC6
and affecting its function. Pathol Res Pract 2024; 260: 155460.
269.Nie Y, Li D, Peng Y, Wang S, Hu S, Liu M, et al. Metal organic
framework coated MnO(2) nanosheets delivering doxorubicin and
self-activated DNAzyme for chemo-gene combinatorial treatment
of cancer. Int ] Pharm 2020; 585: 119513.

270. Le QA, Wittayarat M, Namula Z, Lin Q, Takebayashi K,
Hirata M, et al. Multiple gene editing in porcine embryos using a
combination of microinjection, electroporation, and transfection
methods. Vet world 2022; 15: 2210-2216.

271. Xu X, Wan T, Xin H, Li D, Pan H, Wu J, et al. Delivery of
CRISPR/Cas9 for therapeutic genome editing. ] Gene Med 2019;
21:e3107.

272. Horii T, Hatada 1. Generation of genome-edited mice by
cytoplasmic injection of CRISPR-Cas9 RNA. Methods Mol Biol
2023; 2637: 75-86.

273. Firuzpour F, Saleki K, Aram C, Rezaei N. Nanocarriers in
glioblastoma treatment: A neuroimmunological perspective. Rev
Neurosci 2024; 36: 431-453.

274. Hu W, Yang Y, Qi L, Chen J, Ge W, Zheng S. Subtyping of
microsatellite instability-high colorectal cancer. Cell Commun
Signal 2019; 17: 79-89.

275. Kleiderman E, Ogbogu U. Realigning gene editing with
clinical research ethics: What the “CRISPR Twins” debacle means
for Chinese and international research ethics governance. Account
Res 2019; 26: 257-264.

276. Li C, Du X, Zhang H, Liu S. Knockdown of ribosomal
protein L22-like 1 arrests the cell cycle and promotes apoptosis in
colorectal cancer. Cytojournal 2024; 21: 45.

277. Muhammad Rafid AH, Toufikuzzaman M, Rahman MS,
Rahman MS. CRISPRpred(SEQ): A sequence-based method for
sgRNA on target activity prediction using traditional machine
learning. BMC Bioinformatics 2020; 21: 223-236.

278. Qian FC, Zhou LW, Li YY, Yu ZM, Li LD, Wang YZ, et al.
SEanalysis 2.0: A comprehensive super-enhancer regulatory
network analysis tool for human and mouse. Nucleic Acids Res

1299



) |
Alhasso et al. IJ )] M S CRISPR/Cas9 in colorectal cancer

2023; 51: W520-527. 280. Liang L, Liang X, Yu X, Xiang W. Bioinformatic analyses and
279. Abbasi AF, Asim MN, Dengel A. Transitioning from wet lab integrated machine learning to predict prognosis and therapeutic
to artificial intelligence: a systematic review of Al predictors in response based on E3 ligase-related genes in colon cancer. ] Cancer
CRISPR. ] Transl Med 2025; 23: 153-199. 2024; 15: 5376-5395.

1300 Iran ) Basic Med Sci, 2025, Vol. 28, No. 10



	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	_GoBack

