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Abstract CRISPR-Cas9 technology has rapidly emerged as a
transformative tool in breast cancer research, enabling precise genome editing
that advances functional genomics, target discovery, and therapeutic
development. This review highlights the fundamental principles of CRISPR-
Cas9 and its diverse applications in breast cancer models, including gene
function interrogation and high-throughput screening for oncogenic drivers. We
discuss the role of CRISPR-based approaches in advancing precision
medicine, such as genome editing for personalized therapies and immune cell
engineering. Despite its promising potential, challenges including off-target
effects, delivery efficiency, and ethical considerations remain significant
barriers to clinical translation. We also explore emerging strategies to
overcome these limitations and future directions aimed at optimizing CRISPR
technology for improved breast cancer treatment. Integrating CRISPR-Cas9
with multidisciplinary research holds the key to unlocking novel therapeutic
avenues and enhancing patient outcomes in the era of precision oncology.
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Introduction

The discovery of CRISPR-Cas9 as a programmable genome-editing tool
has revolutionized molecular biology and biomedical research over the past
decade. Originally characterized as an adaptive immune defense mechanism
in bacteria and archaea, CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) arrays store sequences from invading viruses, enabling
the Cas9 endonuclease to recognize and cleave foreign DNA [1]. The
repurposing of this system for targeted DNA cleavage in mammalian cells
leverages a guide RNA (gRNA) to direct Cas9 to complementary DNA
sequences, introducing double-strand breaks (DSBs) that stimulate cellular
DNA repair mechanisms [2]. These breaks can be repaired via error-prone
non-homologous end joining (NHEJ), often introducing frameshift mutations
that result in gene knockout, or via homology-directed repair (HDR), which can
enable precise gene correction or insertion when a repair template is provided
(3]

This precise, versatile, and relatively simple technology has transformed
functional genomics by enabling the direct interrogation of gene function in
living cells and organisms. Its applications in oncology are particularly

compelling given the genetic complexity of cancer, characterized by multiple
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mutations, copy number alterations, and epigenetic changes. Breast cancer, as
a heterogeneous disease with distinct molecular subtypes (such as luminal
A/B, HER2-enriched, and triple-negative), demands sophisticated tools to
unravel its biology and identify therapeutic vulnerabilities [4,5]. CRISPR-Cas9
has emerged as an indispensable technology to dissect these complexities,
model mutations, and accelerate precision medicine development.

CRISPR-Cas9 Applications in Breast Cancer Research
Functional Genomics and Gene Knockout Screens

Genome-wide CRISPR knockout screens have become a gold standard
for identifying genes essential for breast cancer cell survival, proliferation, and
metastasis. By employing large-scale CRISPR libraries, researchers can
interrogate thousands of genes in parallel, uncovering novel oncogenes, tumor
suppressors, and synthetic lethal partners. For instance, multiple studies
identified critical dependencies on DNA repair genes such as BRCALl and
RAD51, cell cycle regulators like CDK4/6, and hormone signaling genes
including ESR1 [6]. These key studies are summarized in Table 1, which
catalogs landmark CRISPR knockout screens in various breast cancer models.
In vivo CRISPR screens provide even greater biological relevance by
assessing gene functions within the tumor microenvironment. Dai et al.
demonstrated this by identifying vulnerabilities in mMTOR and Hippo pathways
that contribute to therapy resistance [7]. Additionally, such screens have
uncovered genes involved in immune evasion and metastatic potential,

providing targets for intervention [8].
Modeling Breast Cancer Mutations

CRISPR-Cas9 enables precise modeling of clinically relevant mutations in
breast cancer cell lines, organoids, and animal models, allowing functional
analysis and therapeutic testing. Notably, targeted mutations in TP53 and
PIK3CA have been introduced to elucidate their roles in tumorigenesis and
drug response [9-12]. Harrod et al. used CRISPR to engineer mutations in
ESR1, helping to model endocrine therapy resistance mechanisms [13]. These
models and their experimental details are compiled in Table 2, illustrating how

CRISPR-mediated mutations have advanced breast cancer biology.

Patient-derived organoids edited with CRISPR provide personalized
platforms for preclinical drug testing, retaining tumor heterogeneity and
histopathology [18]. Similarly, CRISPR-edited patient-derived xenografts
(PDXs) allow the study of tumor evolution and therapeutic response in vivo
[19].

Epigenome and Non-Coding Genome Editing

CRISPR tools have evolved beyond gene knockout to enable modulation
of gene expression without altering the DNA sequence. CRISPR interference
(CRISPRI) and activation (CRISPRa) utilize catalytically dead Cas9 (dCas9)
fused to transcriptional repressors or activators, allowing reversible silencing or

activation of target genes [20]. These approaches have been used to
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investigate long non-coding RNAs (IncRNAs) and enhancers implicated in
breast cancer progression and metastasis. Representative studies employing
epigenome editing strategies are listed in Table 3. This reversible gene
regulation technique facilitates the study of complex gene networks and

transcriptional regulation in cancer cells.

Table 1. Key Breast Cancer Genes Studied Using CRISPR-Cas9

Gene Function CRISPR Approach Impact on Cancer Biology
BRCA1l DNA repair Knockout Genomic instability

ESR1 Hormone receptor Activation Endocrine resistance

PIK3CA Oncogene Knock-in PI3K pathway modulation

TP53 Tumor suppressor Knockout Promotes tumor progression
HER2 Growth receptor Knockdown Alters cell proliferation

CDK7 Cell cycle regulator Knockout Disrupts proliferation

FOXA1 Transcription factor Knockout Affects luminal subtype identity
MCL1 Anti-apoptotic protein Knockout Increases apoptosis sensitivity
GATA3 Lineage-specific factor ~ Knockout Disrupts luminal cell differentiation

Table 2: CRISPR Studies in Breast Cancer Models

Study CRISPR Type  Cell Model Key Findings Application
Bag-1 Knockout in CRISPR/Cas9 MCF-7 Knockout of Bag-1 increased  Understanding drug
MCF-7 Cells mesenchymal characteristics  resistance
via Akt hyperactivation- mechanisms
mediated actin cytoskeleton
remodelling [14]
Synthetic Lethal CRISPRI TNBC models Identified intrinsic Target discovery for
Combination susceptibility of TNBC to TNBC therapy
Targeting BET in ferroptosis when combining
TNBC BET inhibitors with GPX4
inhibition [15]
Acidic Tumor CRISPR- MDA-MB-231 Acidic conditions upregulate Immunotherapy
Microenvironment based study PD-L1 via STAT3 activation, strategies

Enhances PD-L1
Expression

suggesting a link between
tumor microenvironment and
immune evasion [16]

Genome-wide
CRISPR/Cas9
Screening for Drug
Resistance

CRISPR/Cas9

Various breast
cancer cell
lines

Identified genes like PHGDH
and LRP8 associated with
resistance to therapies like
sorafenib and gemcitabine
(17]

Metabolic targeting
and overcoming
drug resistance
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Table 3: CRISPR-Based Tools and Resources for Breast Cancer Research

Tool/Database Description Application
CRISPick Optimized gRNA design using Al Target selection, minimizing off-targets
CancerDepMap Gene dependency maps based on CRISPR data Target prioritization in cancer lines
ENCORI RNA-RNA interaction and miRNA target analysis Post-transcriptional regulation
CHOPCHOP gRNA design tool for CRISPR and CRISPRI Custom editing experiments
Project SCORE Genome-wide CRISPR screen database (Sanger) Essentiality mapping
Benchling CRISPR workflow and gRNA management Experimental planning

platform
CRISPROoff/on Epigenetic editing prediction tool Gene expression control
Cas-OFFinder Off-target prediction tool Minimizing editing errors

Precision Medicine Applications
1. Genotype-Phenotype Correlations

CRISPR-Cas9 has been instrumental in mapping genetic alterations to breast
cancer phenotypes, especially through synthetic lethality screens. These
screens have identified vulnerabilities in BRCA1/2-deficient tumors, leading to
the clinical success of PARP inhibitors that exploit DNA repair defects [21-23].
The development of base editing and prime editing tools further refines
precision medicine by allowing single-base corrections or modifications without
introducing double-strand breaks [24].

2. Biomarker Discovery and Companion Diagnostics

High-throughput CRISPR screens facilitate the identification of biomarkers
predictive of drug sensitivity and resistance, enabling refined patient
stratification. Knockouts of transcription factors such as CDK7 have pinpointed
potential therapeutic targets and biomarkers in triple-negative breast cancer
(TNBC). These functional data integrate with genomic profiles to advance
companion diagnostics and personalized treatment [25]. A curated list of
CRISPR-identified biomarkers with potential therapeutic implications is

presented in Table 4.
Therapeutic Potential
Direct Tumor Editing

Therapeutic strategies aim to deliver CRISPR components directly into tumors
to disrupt oncogenes such as HER2 or MYC [26]. Challenges remain in
efficient and safe delivery, but advances in lipid nanoparticles, viral vectors,
and microbubble-mediated ultrasound delivery offer promising avenues to

improve targeting and reduce toxicity [27].
Immunotherapy Augmentation

CRISPR engineering enhances the efficacy of immunotherapies by modifying
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immune cells. Knockout of inhibitory receptors like PD-1 and CTLA-4, or
introduction of chimeric antigen receptors (CARs) specific to breast cancer
antigens, improves immune cell persistence and tumor targeting [28-30].
Clinical trials in hematological malignancies pave the way for similar

approaches in solid tumors like breast cancer [31,32].
Combating Drug Resistance

Drug resistance remains a major clinical hurdle. CRISPR screens have
identified genes contributing to resistance, such as mutations in ESR1 that
cause endocrine resistance and ferroptosis regulators implicated in TNBC
chemotherapy

resistance [33]. Targeting these pathways offers novel

therapeutic strategies.

Table 4: Challenges and Limitations of CRISPR in Breast Cancer

Challenge Description Possible Solution

Unintended gene edits affecting non-
target sites

Al-based gRNA optimization;
Cas9

Off-target effects high-fidelity

Low uptake of CRISPR components

. ) Nanoparticle systems; viral vectors
in solid tumors

Delivery efficiency

Subclonal variations reduce uniform
editing outcomes

Single-cell
models

CRISPR screening; organoid

Tumor heterogeneity

Immune recognition of Cas9 as a

. . Use humanized or transient Cas9 expression
foreign protein

Immune response

. Partial knockout causes mosaic . . .
Incomplete editing effects Dual-guide systems; optimize delivery doses
Activation  of 53 leadin to Use inducible systems; carefully chosen
DNA damage response . P g y ' Y
apoptosis models
Effects on normal tissues with  Tumor-specific promoters and delivery

Off-tumor targeting

shared gene expression

vectors

Ethical concerns

Issues related to gene editing in
human cells

Focus on somatic editing; follow ethical
guidelines

Resistance to editing

Cells may escape editing or develop
compensatory pathways

Multiplex targeting of redundant pathways

Long-term stability

Lack of data on the stability of edits
over time

Longitudinal preclinical studies

Functional redundancy

Knockout of one gene compensated
by others

Network-based target identification

Challenges and Limitations
1. Delivery Challenges

Effective, safe delivery of CRISPR components to target tissues remains the
primary obstacle to clinical translation. Viral vectors (e.g., AAV, lentivirus) offer

high transduction efficiency but pose risks of insertional mutagenesis and
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immune reactions. Non-viral methods, such as lipid nanoparticles or physical
delivery approaches (e.g., electroporation, ultrasound), are safer but often less
efficient and require further optimization [34]. Tumor heterogeneity and the
dense extracellular matrix in breast cancers further complicate delivery,
necessitating tumor-specific targeting mechanisms to improve CRISPR uptake
and minimize off-target effects.

2. Off-Target Effects and Specificity

CRISPR-Cas9 can induce unintended DNA cuts at sites with sequence
similarity to the intended target, risking genotoxicity and unwanted mutations.
Development of high-fidelity Cas9 variants (e.g., SpCas9-HF1, eSpCas9) and
base editors has significantly reduced off-target activity [35]. Computational
tools like CRISPOR and DeepCRISPR assist in guide RNA design to maximize
specificity [36-37]. Nonetheless, comprehensive off-target analysis using
unbiased genome-wide assays remains essential prior to clinical application.

3. Tumor Heterogeneity and Context Dependence

Breast cancer subtypes exhibit distinct genetic, epigenetic, and
microenvironmental features that influence CRISPR editing outcomes.
Functional dependencies identified in one subtype may not translate to others,
necessitating  subtype-specific  screening strategies [38]. Moreover,
intratumoral heterogeneity can result in variable editing efficiencies and
therapeutic responses, complicating interpretation of CRISPR-based studies.

4. Ethical and Regulatory Hurdles

While somatic cell editing is widely accepted, ethical concerns around germline
editing and long-term safety persist. Regulatory frameworks emphasize
stringent preclinical evaluation, transparency, and patient consent [39]. As
CRISPR-based therapies enter clinical trials, ongoing monitoring and public

engagement are crucial to address ethical, social, and safety considerations.
Future Directions

Integrating CRISPR-based genetic screens with single-cell RNA sequencing
and spatial transcriptomics enables high-resolution mapping of gene function
within complex tumor microenvironments. This multi-modal approach facilitates
the identification of cell-type-specific dependencies and reveals critical cell—cell
interactions that contribute to tumor progression and resistance to therapy.
Recent innovations such as base editing and prime editing have further
expanded the CRISPR toolkit, allowing precise single-nucleotide changes and
targeted insertions without inducing double-stranded DNA breaks, thereby
improving editing safety and efficiency [40]. Additionally, the use of CRISPR-
edited patient-derived organoids in conjunction with high-throughput drug
screening offers a powerful platform for personalized therapeutic profiling. The
integration of machine learning and artificial intelligence into guide RNA design
[41] further enhances the accuracy and efficacy of CRISPR-based

interventions, accelerating the development of individualized treatment
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strategies in breast cancer.
Conclusion

CRISPR-Cas9 technology has fundamentally transformed cancer research by
providing unparalleled precision and efficiency in genome editing. In breast
cancer—a disease marked by extensive molecular heterogeneity and intricate
genetic alterations—CRISPR-Cas9 has proven to be an indispensable tool for
functional genomics. It facilitates the systematic interrogation of gene function,
identification of novel therapeutic targets, and validation of oncogenic drivers
across diverse breast cancer subtypes. Through enabling high-throughput
loss- and gain-of-function screens, this technology has significantly advanced
our understanding of the molecular mechanisms underpinning tumor initiation,
progression, and resistance to therapy. Moreover, CRISPR-Cas9 has
revolutionized the development of targeted therapeutic strategies, offering new
avenues for precision oncology. With ongoing improvements in genome editing
technologies and delivery systems, CRISPR-based approaches hold
considerable promise to enhance clinical outcomes for breast cancer patients.
Realizing the full potential of CRISPR-Cas9 in breast cancer will require
sustained interdisciplinary efforts integrating genomics, bioinformatics, and
translational research, ultimately driving innovation in diagnosis, prognosis,

and personalized treatment.
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