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Abstract: Ovarian cancer is the third most common gynecological cancer worldwide. Due to the high recurrence rate of advanced-
stage ovarian cancer, often resulting from drug-resistant and refractory disease, various treatment strategies are under investigation.
Genome editing of therapeutic target genes holds promise in enhancing cancer treatment efficacy by elucidating gene functions and
mechanisms involved in cancer progression. The CRISPR/Cas9 system, in particular, shows great potential in ovarian cancer gene
therapy and drug development. Targeting therapeutic genes such as BRCA1/2, P53, Snail etc, could improve the therapeutic strategy
in ovarian cancer. CRISPR/Cas9 is a powerful gene-editing tool that there are many on-going clinical trials to treat various diseases
including cancer. Nano-based delivery systems for CRISPR/Cas9 offer further therapeutic benefits, leveraging the unique properties of
nanoparticles to improve delivery efficiency. Nano-based delivery systems could enhance the stability of CRISPR/Cas9 delivery
formats (such as plasmid, mRNA, etc) and improve the delivery precision of delivery to target tumors. Additionally, combining
CRISPR/Cas9 with targeted drug treatments, especially those aimed at genes associated with drug resistance, may significantly
improve therapeutic outcomes in ovarian cancer. In this review, we discuss therapeutic target genes and their mechanisms in ovarian
cancer, advances in nano-based CRISPR/Cas9 delivery, and the therapeutic potential of combining CRISPR/Cas9 with drug treatments
for ovarian cancer.
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Introduction

Ovarian cancer is a malignant tumor that originates in the ovary and can arise from the surface of ovary, the fallopian
tubes, or the mesothelium-lined peritoneal cavity." Ovarian cancer is the third most common gynecologic malignancy,
accounting for 313,959 new cases and 207,252 deaths worldwide in 2020, with a high mortality rate primarily due to
late-stage diagnoses.” Symptoms are often vague, including abdominal pain, dyspepsia, menstrual irregularities, and
other mild digestive disturbances. Due to these nonspecific symptoms, early diagnosis is challenging, leading to a high
mortality rate, as most cases are diagnosed at an advanced stage (stage III or IV).?

Ovarian cancer is generally classified into three types: epithelial ovarian cancer, germ cell tumors, and sex-cord-
stromal tumors. Approximately 90% of ovarian cancers are epithelial, while germ cell tumors constitute about 3%, and
sex-cord-stromal tumors account for less than 2%.* Epithelial ovarian cancers develop in the ovarian epithelial tissue and
are divided into two categories: type I and type II tumors. Type I tumors are slow-growing and include low-grade serous
carcinoma (LGSC), mucinous carcinoma (MC), endometrioid carcinoma (EC), clear cell carcinoma (CCC), and transi-
tional cell carcinoma (TCC). Type II tumors, by contrast, are aggressive, fast-growing neoplasms, including high-grade
serous carcinoma (HGSC), carcinosarcoma, and undifferentiated carcinoma.>® HGSC comprises approximately 80% of
epithelial ovarian cancers.” Germ cell tumors, which arise from the reproductive cells that develop into eggs, typically
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occur in children, adolescents, and young women. Malignant ovarian germ cell tumors are often chemosensitive,
allowing for a high probability of fertility preservation and cure through surgery and chemotherapy.”® Sex-cord-
stromal tumors are a rare, heterogencous group of neoplasms that develop from the sex cords or ovarian stromal cells.
These tumors may be benign or malignant and can occur across a wide age range.”'’

The standard treatment for ovarian cancer involves cytoreductive surgery, followed by chemotherapy with platinum-
and taxane-based regimens.'' In first-line treatment, the main chemotherapeutic agents are usually administered as
cisplatin/paclitaxel or carboplatin/paclitaxel combinations.'? For some patients with advanced ovarian cancer (stage III or
IV), treatment may begin with neoadjuvant (preoperative) chemotherapy to shrink the tumor before surgery.'> However,
chemotherapy drugs have adverse events such as granulocytopenia, nausea, vomiting, and neurotoxicity.'> Additionally,
20-30% of patients experience chemoresistance during first-line treatment.'* Chemoresistance is often associated with
genetic alterations such as mutations in TRP53, BRCA1/2, necessitating more targeted approaches to overcome these
barriers."”

In maintenance therapy, two targeted agents are available: bevacizumab and poly (ADP-ribose) polymerase (PARP)
inhibitors.'* Bevacizumab is an anti-angiogenesis agent that targets vascular endothelial growth factor (VEGF). It can be
used in combination with chemotherapy in maintenance therapy. Also used with olaparib for platinum-sensitive recurrent
ovarian cancer.'®'” PARP inhibitors work by blocking DNA repair pathways, inducing apoptosis particularly in
homologous recombination (HR)-deficient cells, commonly seen in breast cancer gene (BRCA) 1/2 mutations. FDA-
approved PARP inhibitors for ovarian cancer include olaparib, rucaparib, and niraparib.'® Niraparib is approved as
frontline maintenance therapy for both HR-proficient and HR-deficient tumors. Olaparib is used for BRCA-mutated
tumors or in combination with bevacizumab for HR-deficient tumors. Rucaparib is not approved for frontline main-
tenance but is used in maintenance therapy for recurrent platinum-sensitive disease.'” However, 80% of patients with
advanced-stage ovarian cancer relapse within 18 months due to platinum-resistant or refractory cancer.'® While
bevacizumab and PARP inhibitors have advanced ovarian cancer treatment, limitations remain, and some patients
develop resistance to these therapies.”® Consequently, new treatment strategies for ovarian cancer are continually
being explored.

The clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR associated 9 (Cas9) system
represents a powerful tool for therapeutic gene editing.?' Using CRISPR/Cas9 gene editing to inhibit oncogene
expression in ovarian cancer may reduce tumor growth and enhance drug sensitivity. However, there is a risk of off-
target mutagenesis and limited specificity due to the instability of CRISPR/Cas9 components in body fluids.
Nanoparticles offer a potential solution, enabling efficient and safe delivery of CRISPR/Cas9 to target sites.”
Nanoparticles are synthesized using various materials and formed into different shapes, resulting in a wide range of
types, such as liposome, dendrimers, and viral nanoparticles, etc. These nanoparticles can enhance the stability of
CRISPR/Cas9 delivery, improve cellular uptake in target cells, and reduce immunogenicity, ultimately leading to higher
target gene editing efficiency.?***

This review examines therapeutic target genes implicated in ovarian cancer progression, advancements in nanopar-
ticle-based CRISPR/Cas9 delivery, and the synergistic effects of integrating gene editing with drug therapies for ovarian
cancer treatment (Figure 1).

CRISPR/Cas9 Therapy
Structure and Editing Mechanisms of CRISPR/Cas9

CRISPR/Cas system was discovered as an adaptive immune mechanism in bacteria and archaea allowing them to
counteract invasive mobile genetic elements (MGEs).?>*® Cas9 is a class 2 endonuclease in the CRISPR-Cas system,
playing a key role in cutting foreign DNA.?’ This system stores sequence information of invading genetic material within
CRISPR loci, creating a memory of previously encountered genetic elements.?®

CRISPR loci are transcribed into CRISPR RNA (crRNA), which forms a complex with trans-activating CRISPR
RNA (tractRNA), binding the two RNA transcripts together.”” This crRNA-tracrRNA complex, also known as single
guide RNA (sgRNA), binds to the Cas9 protein and directs it to the target DNA.>* A protospacer adjacent motif (PAM)
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Figure | Summary of CRISPR/Cas9 system gene editing in ovarian cancer with combination of nanoparticles and anti-cancer drugs.

Note: The Figure was created using BioRender.com.

Abbreviations: ALDHIAI, aldehyde dehydrogenase | family member Al; ARIDIA, AT-rich interactive domain-containing protein |A; ATAD2, ATPase family AAA domain-
containing protein 2; B7-H3, B7 homolog 3 protein; BIRCS5, baculoviral IAP repeat containing 5; BMII, B-cell-specific Moloney murine leukemia virus integration site |;
BRCAZ2, breast cancer susceptibility gene 2; CCL2, chemokine (C-C motif) ligand 2; CPTIA, carnitine palmitoyltransferase | A; CRISPR, clustered regularly interspaced short
palindromic repeats; Cas9, (CRISPR associated protein 9; CT45, Cancer/testis antigen 45; DNMTI, DNA methyltransferase |; EEFID, eukaryotic translation elongation
factor | delta; EGFL6, epidermal growth factor-like domain multiple 6; EGLNI, Egl-9 family hypoxia-inducible factor I; EMT, epithelial-mesenchymal transition; EPHAI,
Erythropoietin-producing hepatocellular (EPH) receptor Al; Exol, exonuclease I; FABP4, fatty acid binding protein; FBNI, fibrillin I; HERV-K env gene, human endogenous
retrovirus type K (HERV-K) envelope (env) gene; miR-21, microRNA-21; mRNA, messenger RNA; MTFI, metal responsive transcription factor I; MTHI, MutT homologl;
NPs, nanoparticles; PAR2, protease-activated receptor 2; PARP, poly (ADP-ribose) polymerase; PCMTI, protein L-isoaspartate (D-aspartate) O-methyltransferase; PLKI,
polo-like kinase |; Rgnef, Rho guanine nucleotide exchange factor; RNP, ribonucleoprotein; RUNXI, runt-related transcription factor |; sgRNA, single guide RNA; Snail,
snail family transcriptional repressor |; SIK2, salt-induced kinase 2; STAT3, signal transducer and activator of transcription 3; TGFBR2, transforming growth factor beta
receptor 2; TRP53, transformation-related protein 53; VEGF, vascular endothelial growth factor; VASH2, vasohibin-2.

sequence is required for the hybridization of crRNA to the DNA target, and this sequence is recognized by the Cas9
protein.’' Once the PAM sequence is identified, Cas9 cleaves the DNA three base pairs upstream of the PAM site.*”

Following DNA cleavage, the damaged DNA can be repaired by two primary mechanisms: non-homologous end
joining (NHEJ) and homology-directed repair (HDR).*> NHEJ is a straight forward repair process that may involve
random insertions or deletions of nucleotides. In contrast, HDR uses single-stranded (ssDNA) or double-stranded DNA
(dsDNA) as donor DNA, allowing for the insertion of desired genetic sequences®* (Figure 2).

Applications of CRISPR/Cas9

CRISPR/Cas9 offers significant potential in human gene therapy and drug development.*> CRISPR/Cas9 gene editing
could be used to specific disrupt cancer-related genes thereby, inhibiting the expression of cancer-related proteins. This
gene editing technique also enables the identification and study of cancer-associated genes as potential therapeutic
targets.3 6
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Figure 2 Structure and editing mechanisms of CRISPR/Cas9. (A) The CRISPR/Cas9 system consists two essential components, sgRNA (crRNA-tracrRNA complex) and
Cas9 protein. (B) The sgRNA binds to the Cas9 protein forming an sgRNA/Cas9 complex and directing it to the target DNA. The protospacer adjacent motif (PAM)
sequence is required for the hybridization of the crRNA to the target DNA. (C) After CRISPR/Cas9 DNA cleavage, the damaged DNA can be repaired by two non-
homologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ is a straight forward repair process that can involve random insertions or deletions of
nucleotides. HDR, uses a donor DNA that allows for the insertion of desired genetic sequences.

Note: The Figure was created using BioRender.com.

Abbreviations: Cas9, CRISPR associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; crRNA, CRISPR RNA; HDR, homology-directed
repair; NHEJ, non-homologous end joining; PAM, protospacer adjacent motif; sgRNA, single guide RNA; tracrRNA, trans-activating CRISPR RNA.

CRISPR/Cas9 offers several advantages over other gene therapy approaches, such as zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENSs) and RNA interference (RNAi), and DNAzyme.

ZFNs are artificial endonucleases created by fusing a zinc finger DNA-binding domain to a non-specific DNA
cleavage domain, allowing them to target specific genomic sequences. However, ZFNs have several disadvantages,
including limited target site accessibility, low efficiency, high cost and time-consuming process.’’*® TALENS, on the
other hand, are artificial restriction enzymes engineered by fusing a DNA-binding domain derived from transcription
activator-like effectors (TALEs) with the catalytic domain of Fokl endonucleases. TALENs can specifically target
genomic sequences and are easier to design compared to ZFNs. However, TALENs larger size makes them more
challenging to deliver into cells, and they exhibit relatively lower efficiency compared to CRISPR/Cas9.>**° Unlike
ZFNs and TALENS, which rely on large DNA segments (500—1500 bp) and can typically target only one gene at a time,
CRISPR/Cas9 can efficiently target any gene sequence using a 20 bp protospacer within the guide RNA. This system
allows for higher efficiency and the simultaneous targeting of multiple genes within the same cell.*®

RNAI is a natural gene silencing process mediated by RNA molecules in cells. It can be achieved using chemically
synthesized small interfering RNA (siRNA) or vector-based short hairpin RNA (shRNA). RNAi suppresses target gene
expression by degrading specific mRNA through double-stranded RNA. Although RNAI enables rapid workflow and
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transient knockdown studies without causing permanent genetic changes. However, RNAIi has high off-target effects and
might result in incomplete knockdown of the target gene leading to ambiguous results. In contrast, CRISPR/Cas9 offers
lower off-target effects and permanent gene knockout.*'**

Deoxyribozyme (DNAzyme) is a single-stranded DNA oligonucleotides with catalytic function that can silence
specific genes through metal ions activity. DNAzyme exhibit high efficiency and can be constructed into multifunctional
constructs. It can also be used in combination with CRISPR/Cas9 to enhance therapeutic efficiency. However DNAzyme
has lower clinical applicability compared to CRIPSR/Cas9.* ¢

Although CRISPR/Cas9 offers many advantages, it also has several limitations and risks. One major concern is its
relatively high frequency (>50%) of off-target effects, which could induce unintended gene in non-target genes.*’
Additionally, CRISPR/Cas9 based gene therapy is expensive; for example, the world’s first approved CRISPR/Cas9
based therapy, “Casgevy”, costs approximately $2.2 million per patient. This high cost presents a significant barrier to
accessibility for many patients.*® Furthermore, the long-term effects of CRISPR/Cas9 remain uncertain and insufficiently
studied, raising concerns about potential unintended consequences that may arise in the future. These challenges have
also led to ethical concerns regarding the widespread use of CRISPR/Cas9 therapy.*’

Despite its limitations and associated risks, CRISRP/Cas9 based therapy holds great therapeutic potential, and many
clinical trials are currently underway. Several clinical trials are exploring the applications of CRISPR/Cas9 in cancer
treatment, including the inhibition of intracellular immune checkpoint CISH in gastrointestinal cancer (clinical trial ID
NCT04426669), PD-1 and TCR knockout in mesothelin positive solid tumor (clinical trial ID NCT03545815), and PD-1
knockout in lung cancer (clinical trial ID NCT02793856).°

Recently, researchers have been exploring nanoparticle-mediated CRISPR/Cas9 delivery and the combination of the
CRISPR/Cas9 system with anticancer drugs for cancer treatment. In this review, we discuss the use of CRISPR/Cas9
delivery systems combined with nanoparticles and anti-cancer drugs targeting ovarian cancer.

Therapeutic Target Genes in Ovarian Cancer

Therapeutic genome editing offers great potential in developing ovarian cancer treatments, by targeting specific genes
associated with therapeutic strategies. Table 1 outlines therapeutic strategies and candidate target genes in ovarian cancer
that are edited using the CRISPR/Cas9 system.

Reduction of Proliferation, Migration, and Invasion

Proliferation, migration and invasion has an important role in cancer development and progression. Proliferation involves
cancer cells copying their DNA and dividing, which increases the number of cancer cells.®” Migration is the directed
movement of cancer cells within tissues or organs.®® Invasion allows cancer cells to penetrate extracellular matrices and
infiltrate tissues, enabling their spread to different areas.®” To reduce proliferation, migration, and invasion in ovarian
cancer, therapeutic gene editing has targeted genes such as B-cell-specific Moloney murine leukemia virus integration
site 1 (BMI1), ATPase family AAA domain-containing protein 2 (ATAD2), protease-activated receptor 2 (PAR2), Egl-9
family hypoxia-inducible factor 1 (EGLN1), human endogenous retrovirus (HERV-K) envelope (env) gene, chemokine
(C-C motif) ligand 2 (CCL2), and signal transducer and activator of transcription 3 participates (STAT3).

BMII is upregulated in a variety of cancers and regulates cell proliferation, cell cycle, and cell immortality.”® Using
CRISPR/Cas9 to knockout BMI1 in SKOV3 cells significantly reduced ovarian cancer cell proliferation, migration, and
invasion, promoting apoptosis and enhancing platinum sensitivity by modulating genes in the focal adhesion and PI3K/
AKT pathways. Tumor size was dramatically reduced by BMI1 knockout in SKOV3 xenografted BALB/c nude mice.>’

ATAD?2 is a member of the ATPase family and is involved in promoting cell proliferation, migration, invasion, and
metastasis while inhibiting apoptosis during cancer progression.”' Overexpression of ATAD2 is associated with low
overall survival, and poor clinical outcomes.”> CRISPR/Cas9 knockdown of ATAD2 in SKOV3 and A2780 cells reduced
proliferation and colony formation by downregulating the INK-MAPK, P38, and ERK pathways.>

PAR?2 is a member of the G-protein coupled receptor (GPCR) family that initiates signal transduction pathways.”* It is
significantly overexpressed in patients with ovarian cancer based on The Cancer Genome Atlas (TCGA), Genotype-
Tissue Expression (GTEx) and Gene Expression Omnibus (GEO) databases. Knockout of PAR2 in OV90 cells reduced
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Table | Therapeutic Target Genes in Ovarian Cancer

Therapeutic Gene Gene Editing Ovarian In vivo Efficacy Tumor Model Mechanism Refs.
Strategy Method Cancer Cell

Line
Reduction of BMII CRISRP/Cas9 SKOV3 BMII knockout SKOV3 xenograft BALB/c | Knockout of BMII inhibited ovarian cancer cell proliferation, [51]
proliferation, nude mice by subcutaneous implantation | migration, invasion, promoted apoptosis, and increased platinum
migration, and sensitivity by regulating focal adhesion and PI3K/AKT pathways
invasion ATAD2 CRISRP/Cas9 SKOV3, A2780 - Knockdown of ATAD2 decreased the MAPK pathway, JNK, p38, and | [52]

ERK activity, reducing proliferation.

PAR2 CRISRP/Cas9 OVv90 - PAR2 transactivation of EGFR with combination of Gag/ 1, Ga/13and | [53]
B-arrestin|/2 signaling, leads to ovarian cancer cell migration and
invasion

EGLNI CRISRP/Cas9 ES2 EGLNI knockout ES2 xenograft athymic | EGLNI knockout reduced proliferation through stabilization and [54]

(nu/nu) mice by subcutaneous accumulation of HIFIA
implantation
HERV-K CRISRP/Cas9 SKOV3, - Knockout of HERV-K env gene regulated retinoblastoma protein and [55]
env gene OVCAR3 cyclin Bl protein levels, reducing proliferation.

CCL2 CRISRP/Cas9 A2780 - CCL2 promotes cancer progression through MEK/ERK/MAP3K19 [56]
signaling and knockout of CCL2 inhibited proliferation, migration and
invasion

STAT3 CRISPR/Cas9 HEY, OVCAR3, STAT3 knockout SKOV3, OVCAR3, Knockout of STAT3 suppressed key genes involved in cell cycle [57]

OVCARS, OVCARS, HEY xenograft NOG or progression (CDKs, cyclins), EMT (Snai2&3, ZEB1&2, KLFS8,
SKOV3 athymic nude mice by subcutaneous TWIST1&2, GSC, SIXI1, FOXCI) and E2F signaling
implantation
Inhibition of BIRC5 Lentiviral CRISPR/ SKOV3, - Knockout of BIRC5 (survivin) inhibited EMT by attenuating the TGF- | [58]
epithelial- Cas9 nickase OVCAR3 pathway, upregulating epithelial cell marker (cytokeratin 7) and
mesenchymal downregulating mesenchymal markers (snai2, B-catenin, and vimentin)
transition (EMT) Snail CRISRP/Cas9 nickase RMG-I| - Knockout of snail reduced cell migration and cell-substrate adhesion, | [59]
increased cell-cell adhesion, and upregulated epithelial markers
(E-cadherin, claudin-1, and occludin)
miR-21 CRISRP/Cas9 vectors SKOV3, - Disruption of miR-21 inhibited EMT by upregulating E-cadherin, [60]
OVCAR3 downregulating vimentin and Snai2, attenuating ERK /2 signaling
through the upregulation of SPRY2
MTFI Lentiviral CRISPR/ SKOV3, - Knockout of MTFI inhibited MET by upregulating epithelial cell [6l]
Cas9 nickase OVCAR3 markers (E-cadherin and cytokeratin 7), down-regulating mesenchymal

markers (snai2 and fB-catenin), upregulating KLF4 and downregulating
the ERK1/2 and AKT pathways
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EPHAI

PCMTI

Rgnef

EGFL6

TGFBR2

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

SKOV3,
COV504

OVCAR3

Mouse ovarian
carcinoma
(MOVCAR)

SKOV3

Ovarian cancer
tumor-
infiltrating
lymphocytes
(TIL)

EGFL6 knockout SKOV3 xenograft BALB/
¢ nude mice by subcutaneous
implantation

Knockdown of EPHAI arrest the cell cycle at GO/GI phases and
reduced proliferation, invasion and migration, and improved
extracellular matrix attachment. Additionally, it down-regulated MMP2
and proto-oncogene c-MYC, while upregulating ERK2.

PCMT | regulates the integrin-FAK-Src pathway by interacting with
LAMB3

Rgnef supported antioxidant gene signature (Gpx4, Nqol, and Gsta4)
which are common targets of the NF-kB transcription factor. Knock
out of Rgnef impaired anchorage-independent growth and increased
cellular ROS, triggering anoikis

Knockout of EGFL6 downregulated the FGF-2/PDGFB signaling

pathway inhibiting angiogenesis, proliferation and metastasis

Knockout of TGFBR?2 in ovarian cancer tumor-infiltrating lymphocytes
had resistant to TGF-f signaling

[62]

[63]

[64]

[65]

[e6]

Abbreviations: Akt, protein kinase B; ATAD2, ATPase family AAA domain-containing protein 2; BMII, B-cell-specific Moloney murine leukemia virus integration site |; BIRC5, baculoviral IAP repeat containing 5; Cas9, CRISPR
associated protein 9, CCL2, chemokine (C-C motif) ligand 2; CDKs, cyclin-dependent kinases; c-MYC, cellular myelocytomatosis oncogene; CRISPR, clustered regularly interspaced short palindromic repeats; E-cadherin, epithelial
cadherin; EGFL6, epidermal growth factor-like domain multiple 6; EGFR, epidermal growth factor receptor; EGLNI, Egl-9 family hypoxia-inducible factor |; EMT, epithelial-mesenchymal transition; EPHAI, Erythropoietin-producing
hepatocellular (EPH) receptor Al; ERK, extracellular signal-regulated kinase; ERKI, extracellular signal-regulated kinase I; ERK2, extracellular signal-regulated kinase 2; FAK, focal adhesion kinase FGF-2, fibroblast growth factor-2;
FOXCI, forkhead box Cl; Go, guanine nucleotide binding protein (G protein) alpha; Gpx4, glutathione peroxidase 4; GSC, goosecoid homeobox; Gsta4, glutathione S-transferase A4; HERV-K env gene, human endogenous retrovirus type
K (HERV-K) envelope (env) gene; HIFIA, hypoxia inducible factor | subunit alpha; JNK, jun N-terminal kinase; KLF8, kruppel-like factor 8; LAMB3, laminin subunit beta 3; MAP3K 19, mitogen-activated protein three kinase 19; MARK,
mitogen-activated protein kinase; MEK, mitogen-activated protein kinase kinase; miR-21, microRNA-21; MMP2, matrix metallopeptidase 2; MTFI, metal responsive transcription factor |; Nqol, NAD(P)H quinone dehydrogenase I;
PAR2, protease-activated receptor 2; PCMT, protein L-isoaspartate (D-aspartate) O-methyltransferase; PDGFB, platelet derived growth factor subunit B; PI3K, phosphatidylinositol 3-kinase; Rgnef, Rho guanine nucleotide exchange factor;
SIX1, Sine oculis homeobox homolog I; Snail, snail family transcriptional repressor |; Snai2, snail family transcriptional repressor 2; Snai3, snail family transcriptional repressor 3; SPRY2, sprouty homolog 2; Src, proto-oncogene tyrosine-
protein kinase Src; STAT3, signal transducer and activator of transcription 3; TGF-f, transforming growth factor-beta; TGFBR?2, transforming growth factor beta receptor 2; TWIST I, Twist-related protein |; TWIST2, Twist-related protein 2;

ZEBI, zinc finger E-box binding homeobox |; ZEB2, zinc finger E-box binding homeobox 2.
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migration and invasion, while knockout of downstream components (Gaq/11, Ga12/13, B-arrestin1/2) further inhibited
PAR2-mediated migration and invasion.>®

EGLNI1 is an oxygen dependent, primary hypoxia-inducible factor 1 (HIF1) hydroxylase that generates a binding site
for a ubiquitin ligase complex including the von Hippel-Lindau tumor suppressor gene (VHL), leading to HIF1
degradation.”* Genome-wide CRISPR/Cas9 studies identified EGLN1 as a dependency in clear cell ovarian cancer
cells. EGLN1 knockout reduced proliferation by stabilizing and accumulating HIF1A, and VHL knockout also showed
similar effects.”

HERVs are endogenous viral elements in the human genome that have lost the ability to be an active virus; however,
HERV-derived element can be a pathological contributor to various diseases.”” The HERV-K envelope (env) protein is
highly expressed in several cancers and may be associated with cancer progression.”® CRISPR/Cas9 knockout of HERV-
K env in SKOV3 and OVCARS3 cells reduced proliferation, migration, and invasion, with distinct regulatory patterns of
retinoblastoma (RB) and cyclin BI proteins between ovarian cancer cell lines.>

CCL2 also known as monocyte chemoattractant protein-1, is a potent chemoattractant of immune cells and associated
with tumor growth and progression.”” In Liu et al (2023), Knockout of CCL2 in A2780 cells reduced proliferation,
migration, and invasion by downregulating the mitogen-activated protein kinase kinase (MEK)/extracellular signal-
regulated kinase (ERK)/mitogen-activated protein three kinase 19 (MAP3K19) signaling pathway. MAP3K19 is the key
target of CCL2 regulation in ovarian cancer progression, MAP3K19-knockout in A2780 cells, reduced proliferation,
migration and invasion.>®

STAT3 is a member of the STAT family and a key regulator of tumorigenesis. STAT3 supports proliferation, migration,
invasion, survival, and chemoresistance in ovarian cancer.”® In Lu et al (2019), STAT knockout in ovarian cancer cells
reduced proliferation and migration, EMT, arrest cell cycle progression, altered stemness markers, and inhibited tumor
growth in tumor xenograft mice. Knockout of STAT3 using CRISPR/Cas9 in four ovarian cancer cell lines, HEY,
OVCAR3, OVCARS and SKOV3 reduced proliferation, migration, arrested cell cycle progression in the G2/M phase by
downregulating key cell cycle mediators (CDKs, cyclins, cell division cycle proteins and checkpoint proteins), altered
stem-like properties (ALDH1A1, ALDH1A3 and CD44) and inhibited tumor growth in xenograft NOG or athymic nude
mice. STAT3 knockout in SKOV3 cells, the EMT-related key genes CDH1 (E-cadherin), CDH2 (N-cadherin, mesenchymal
marker) were upregulated and SNAI2&3, ZEB1&2, KLF8, TWIST1&2, GSC, SIX1, and FOXC1 were downregulated.”’

Inhibition of Epithelial-Mesenchymal Transition (EMT)

Epithelial-mesenchymal transition (EMT) is a biological program through which epithelial cells undergo multiple
biochemical changes and acquire a mesenchymal phenotype. It plays a role in wound healing, embryonic development,
and tissue fibrosis. However, it also occurs in cancer progression and is associated with cancer stem cell characteristics,
tissue invasiveness and resistance to cancer treatment.””** EMT in ovarian cancer has been targeted by editing genes
such as baculoviral IAP repeat containing 5 (BIRCS), snail family transcriptional repressor 1 (Snail), microRNA-21
(miR-21), metal responsive transcription factor 1 (MTF1).

BIRCS, also known as survivin, is a member of the inhibitor of apoptosis (IAP) family and is known to be involved in
apoptosis inhibition, metastasis and chemoresistance.®! In Zhao et al (2017), by using The Cancer Genome Atlas
Program (TCGA) and Gene Expression Omnibus (GSE13876), BIRC5 was overexpressed in ovarian serous carcinoma
and patients were associated with poor survival. BIRC5 knockout using lentiviral CRISPR/Cas9 nickase in SKOV3 and
OVCARS3 cells inhibited EMT by modulating TGF-f pathway, enhancing epithelial markers (ie, cytokeratin 7) and
reducing mesenchymal markers (ie, snail2, B-catenin, and vimentin). BIRCS5 knockout resulted in inhibited cell
proliferation, migration, invasion, cell survival and chemoresistance to paclitaxel.’®

Snail (Snail or Snaill) is a transcription factor, Snail represses epithelial markers (E-cadherin, claudins and occludin)
and promotes mesenchymal markers (vimentin, fibronectin, N-cadherin).** CRISPR/Cas9n knockout of Snail in RMG-1
cells (ovarian adenocarcinoma) reduced migration, increased cell-cell adhesion, and upregulated epithelial markers.>”

miRNA-21 (miR-21) is known to be highly expressed in cancer and promotes tumor growth, invasion, and
metastasis.®® CRISPR/Cas9 disruption of miR-21 in SKOV3 and OVCAR3 cells inhibited EMT, reduced proliferation
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and migration, and increased epithelial markers. In addition, proliferation, migration, invasion and chemoresistance to
paclitaxel were reduced in both miR-21 disrupted SKOV3 and OVCAR3 cells.®

MTFI, the zinc finger protein is associated with tumor growth and poor survival. CRISPR/Cas9 nickase knockout of
MTF1 inhibited EMT in OVCAR3 and SKOV3 cells by upregulating epithelial cell markers (E-cadherin and cytoker-
atin 7) and tumor suppressor Kruppel-like factor 4 (KLF4), downregulating mesenchymal markers (Snai2 and B-catenin),
and attenuating ERK1/2 and AKT pathway.®!

Cell Cycle Regulation

Cell cycle dysregulation leads to uncontrolled cell proliferation and tumorigenesis.** The Erythropoietin-producing
hepatocellular (EPH) receptor A1 (EPHA1), part of the receptor tyrosine kinase family, was investigated as a target
for ovarian cancer treatment. CRISPR/Cas9 knockdown of EPHA1 in SKOV3 and COV504 cells led to cell cycle arrest
in the GO/G1 phase, reducing proliferation, migration, and invasion. Knockdown of EPHA1 also downregulated matrix
metalloproteinase-2 (MMP2) and the proto-oncogene c-MYC, and upregulated ERK2.%?

Reduction of Anoikis Resistance
Anoikis is a form of programmed apoptosis triggered when cells detach from the extracellular matrix (ECM) and attach
to an inappropriate site.® Cancer cells often acquire anoikis resistance, enhancing their aggressiveness. Therapeutic gene
editing has targeted protein-L-isoaspartate (D-aspartate) O-methyltransferase (PCMT1) and Rho guanine nucleotide
exchange factor (Rgnef) to reduce anoikis resistance in ovarian cancer.®

PCMTI is an enzyme that recognizes and repairs the abnormal L-isoaspartyl residues in proteins.®” PCMT] is
associated with anoikis resistance in ovarian cancer and regulates the integrin-FAK-Src pathway by interacting with the
ECM protein laminin subunit beta 3 (LAMB3), promoting cancer progression. CRISPR/Cas9 knockout of PCMT]1 in
SKOV3 cells induced detachment-induced apoptosis from the ECM and downregulated phosphorylation of FAK and
Src.%?
Rgnef is a Rho guanine nucleotide exchange factor (GEF) that acts as a downstream of integrin-FAK signaling and
regulates Rho GTPase activity.* In Kleinschmidt et al (2019), Rgnef was overexpressed in late-stage serous ovarian
cancer which activates as a downstream of integrins and supports antioxidant genes, protecting ovarian cancer cells from
oxidative stress resulting in anoikis resistance. CRISPR/Cas9 knockout of Rgnef in mouse ovarian carcinoma
(MOVCAR) cells impaired anchorage-independent growth and triggered anoikis.®*

Inhibition of Angiogenesis

Angiogenesis, the process of forming new blood vessels, is essential for tumor growth and metastasis, providing cancer
cells with oxygen and nutrients to support rapid proliferation and spread.®**° One of the key mediators of this process is
vascular endothelial growth factor (VEGF), which induces abnormal structural and functional changes in tumor
vasculature.”!

Epidermal growth factor-like domain multiple 6 (EGFL6), a member of the epidermal growth factor (EGF) super-
family, has been studied as a target for angiogenesis inhibition. EGFL6 is abnormally expressed in various malignant
tumors and contributes to tumor proliferation, invasion, migration, and angiogenesis.”” In a study by Zhu et al (2020),
CRISPR/Cas9 knockout of EGFL6 in SKOV3 cells led to the downregulation of the fibroblast growth factor 2 (FGF-2)/
platelet-derived growth factor subunit B (PDGFB) signaling pathway, indicating a reduction in angiogenesis, prolifera-
tion, and metastasis. Furthermore, EGFL6 knockout also downregulated N-cadherin, MMP2, MMP9, and vimentin,
while upregulated E-cadherin, suggesting EMT inhibition. In a xenograft model using EGFL6-knockout SKOV3 cells in
BALB/c nude mice, tumor growth and expression levels of EGFL6, VEGF-A, FGF-2, and PDGF were significantly
reduced.®

Other Therapeutic Effect
In addition, other therapeutic strategies in ovarian cancer research focus on modulating the tumor microenvironment and
enhancing immune responses. These strategies involve gene editing that enhances the activity of tumor-infiltrating
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lymphocytes (TILs), which is essential for overcoming immune suppression in the tumor microenvironment.
Transforming growth factor-beta (TGF-f) is known to be expressed in most malignant tumors and plays a significant
role in tumor-induced immunosuppression.”® In Fix et al (2022), CRISPR/Cas9 was used to knockout TGF-B receptor 2
(TGFBR?2) in ovarian cancer TILs. This knockout rendered the TILs resistant to TGF-B-mediated immunosuppression,
evidenced by a lack of phosphorylation of small signaling molecules against decapentaplegic homolog (SMAD),
increased secretion of proinflammatory cytokines (IFN-y and TNF-a), and improved cytotoxicity even in the presence
of TGF-B. Similarly, TGFBR2 knockdown resulted in TILs that were resistant to TGF-fB without affecting TIL expansion
efficiency or T-cell receptor clonal diversity.*®

Nano-Based CRISPR/Cas9 Delivery in Ovarian Cancer

Concept of Nanoparticle

Nano-based delivery systems are advanced technologies that package drugs, genes, or other therapeutic agents into
particles at the nanoscale, allowing for precise delivery to targeted tissues or cells.”* These systems offer several
advantages, including targeted delivery, enhanced solubility, sustained release, multifunctionality, and potential for
personalized medicine. By attaching specific ligands or antibodies to the nanoparticle surface, these systems can achieve
selective targeting, which enhances therapeutic efficacy and minimize the side effects.”

Nanoparticles are typically 1-100 nanometers in size and can be made from various materials and in different shapes.
Surface modification with specific molecules increases selectivity for targeted tissues or cells. Nanoparticles can be
engineered to deliver drugs, genes, or other therapeutic agents directly to specific sites, enhancing drug stability and
preventing degradation in the bloodstream, which ultimately improves bioavailability.”®

While the CRISPR/Cas9 system is a powerful tool for genome editing, delivering Cas9 (as plasmid DNA, mRNA, or
protein) along with single guide RNA (sgRNA) to target sites is challenging. CRIPSR/Cas9 could be degraded by
enzymes, acids, and other substances in body fluids. Other risks include cell damage, off-target mutagenesis, and poor
specificity.”” Nanoparticle delivery provides a safer and more effective way to transport CRISPR/Cas9 components.”
Both viral and non-viral nanoparticles have been used in CRISPR/Cas9 delivery. Viral systems, including adenoviruses
and lentiviruses, are efficient but can trigger immune responses and present manufacturing challenges. Non-viral
nanoparticles, such as lipid, gold, magnetic, albumin, and polymeric nanoparticles, are easier to modify, cost-effective,
and less immunogenic, though they may have lower transfection efficiency and uncertain long-term toxicity.

Nano-Based CRISPR/Cas9 Delivery in Ovarian Cancer

The effectiveness of CRISPR/Cas9 gene editing in ovarian cancer depends heavily on the chosen delivery strategy. Given
the large size of Cas9 (160 kDa, 4300 bases) and sgRNA (~31 kDa, 130 bases), conventional viral and non-viral delivery
methods can be limited by potential toxicity and inefficiency.'® Developing non-toxic, efficient delivery systems for
Cas9 and sgRNA could improve therapeutic efficacy. Nanoparticles hold significant promise in this area, as summarized
in Table 2, and various nanoparticles have been developed for CRISPR/Cas9 delivery in ovarian cancer, including amino-
ionizable lipid nanoparticles, folate receptor-targeted cationic liposomes, reduction-sensitive fluorinated platinum (Pt)
transfection nanoplatforms, multifunctional nucleus-targeting “core-shell” artificial viruses (RRPHC) and CRISPR-GPS
nanocomplex.

Amino — lonizable Lipid Nanoparticles

Rosenblum et al (2020) designed an ionizable cationic lipid nanoparticle (LNP) to co-encapsulate Cas9 mRNA and
sgRNA targeting polo-like kinase 1 (PLK1), a protein that plays a critical role in cell division (Figure 3). This amino-
ionizable LNP effectively encapsulates negatively charged RNA through positively charged lipids.'® In this study, to
reduce immunogenicity and enhance RNA stability, Cas9 mRNA was modified with 5-methoxyuridine, and IDT sgRNA
XT was used. The encapsulation efficiency of Cas9 mRNA and sgRNA in CRISPR-LNPs (cLNPs) with different
ionizable amino lipids was measured using a RiboGreen assay. Lipid 8 (L8) showed the highest efficiency, exceeding
90%. In vitro, cLNPs encapsulating sgPLK1 (sgPLK1-cLNPs) achieved 91% specific and efficient PLK1 gene editing in
human serous ovarian adenocarcinoma Ovcar8 cells, resulting in G2-M phase cell cycle arrest and apoptosis. As
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Table 2 Nano-Based CRISPR/Cas9 Delivery in Ovarian Cancer

Nanoparticle CRISPR/ CRISPR/Cas9 Nanoparticle Encapsulation Efficiency Transfection Mechanism Refs.

Cas9 Delivery Form Target Efficiency (%)

Target

Gene
Amino-ionizable lipid PLK1 Cas9 mRNA and EGFR >90% 91% (OV8 cell), sgPLK1-cLNPs efficiently target and disrupt the PLK| gene, leading to cell [100]
nanoparticle sgRNA (RiboGreen assay) 68% (GBM- bearing cycle arrest and cell death

C57BL/6)OlaHsd
mice)
F-LP DNMTI Plasmid Folate receptor ~100% 28.6% (SKOV3 cell) In vivo, the F-LP/gDNMT I complex inhibited tumor growth in both paclitaxel [1o1]
(pX330 vector) (Agarose gel electrophoresis) sensitive tumor and paclitaxel resistance tumor xenograft mice. It also,

downregulated DNMT], along with HPla in the tumor tissue, implying
decrease in DNA methylation

PtUTP-F CT45 Plasmid - ~100% 61.4% (A2780 cell) PtUTP-F/dCas9-CT45 upregulated CT45 and downregulated PP4C, disrupting | [102]
(dCas9-VP64) (Agarose gel electrophoresis) DNA repair pathways, and enhancing sensitivity to platinum drug
RRPHC MTHI Plasmid CD44, Integrin ~100% 90% (SKOV3 cell) RRPHC/Cas9-hMTHI inhibited MTHI, increased apoptosis and reduced [103]
(pX330 vector) a,f33 receptors (Agarose gel electrophoresis) proliferation rate
Nanocomplex GFP, sgRNA/Cas9 RNP avf3/avp5 ~100% More than 10% - [104]
CD71 complex integrins (Agarose gel electrophoresis) (Ovcar8/d2eGFP
cells)

Abbreviations: Cas9, CRISPR associated protein 9; CD71, Cluster of Differentiation 71; CRISPR, clustered regularly interspaced short palindromic repeats; CT45, Cancer/testis antigen 45; cLNPs, CRISPR lipid nanoparticles; dCas9,
dead CRISPR associated protein 9; DNMT I, DNA methyltransferase |; EGFR, epidermal growth factor receptor; F-LP, folate receptor-targeted liposome; GBM, murine glioblastoma multiforme; gDNMT, GFP, green fluorescent protein;
DNA methyltransferase | gene; hMTHI, human MutT homolog I; HPlo, heterochromatin protein | alpha; MTHI, MutT homolog |; mRNA, messenger RNA; PLKI, polo-like kinase |; PP4C, protein phosphatase 4 catalytic subunit;
PtUTP-F, reduction-sensitive fluorinated-platinum(lV) universal transfection nanoplatform; RNP, ribonucleoprotein; RRPHC, a multifunctional nucleus targeting core-shell artificial virus; sgRNA, single guide RNA.

e 39 wry|



Kim et al

A B c
120+
ik Lipid 1 S~y X 100-
— }Oﬂ ;
A2 IN 80
A

Lipid 6 YT AN~

'S
o
1

\ e e

\/\ microfuidic mixer
_—
'} ~

N Fe® Llpld 8 ,n\/\/oko/v NSNS

% of encapsulation
L2
o
1

N
o
1

2
w MLy
rs e

o
|

hl

P ~ 2 N 1 1 1
Lipid 10 -~ o~ S~~~ MC3 L1 L6 L8 L10
n B cLNPs cLNPs cLNPs cLNPs cLNPs
il PLK1 locus S PLK1 locus
:\? 20 ;\? 100+ Drill
o 80 ; 80 T -
'og 60 g Burr hole
- ] S 60— \
3 3 1
@ @
40 40—
5 3 4
O 20- ©  20-
0 T T T 0 T T T “« e
Mock sgGFP sgPLK1 Mock sgGFP sgPLK1 Bregma
cLNPs cLNPs cLNPs cLNPs
G H 1
PBS SEGFP-cLNPs sgPLK1-cLNPs 01 PBS SgGFP SgPLK1 120- = PBS (S:ES;: (s:Ez'L:IS

~ “ cLNPs cLNPs NS xwwx
£ 1010+ 100
= P~ -

3 g

30 810° . S 80
3 X 400 P 3
= w E iog 60
20 © o

+ 107 s ol

: g %
6
= i, 10 20-
< 10° T T T T T 0 T T T T T 1
§ 0 10 20 30 40 50 0 10 20 30 40 50 60
Days Days

Figure 3 Design and therapeutic gene editing of amino-ionizable LNPs for PLK|-targeted CRISPR/Cas9 delivery. (A) Schematic illustration of CRISRP LNPs (cLNPs)
encapsulating Cas9 mRNA and sgRNA. (B) Chemical structures of amino-ionizable lipids. (C) Encapsulation efficiency of Cas9 mRNA and sgRNA in different amino-ionizable
lipids cLNPs. (D) In vitro gene editing (%) at the PLK locus in OV8 cells. (E) Schematic of injection into the mouse hippocampus. (F) In vivo gene editing (%) at the PLK locus
in 005 GBM bearing mice. (G) Bioluminescence images of 005 BGM bearing mice after single dose treatment of cLNPs. (H) Tumor growth curve and survival (%) of 005
BGM bearing mice with a single dose of cLNPs.

Note: Data from Rosenblum et al (2020).'%"

Abbreviations: Cas9, CRISPR associated protein 9; cLNPs, CRISPR lipid nanoparticles; CRISPR, clustered regularly interspaced short palindromic repeats; LI, lipid I; L6,
lipid 6; L8, lipid 8; L10, lipid 10; MC3, (6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,3 | -tetraen-19-yl 4-(dimethylamino) butanoate; mMRNA, messenger RNA; sgGFP, sgRNA green
fluorescent protein; sgGFP-cLNPs, sgGFP encapsulated L8-cLNPs; sgPLK 1, sgRNA polo-like kinase |; sgPLKI, sgPLK| encapsulated L8-cLNPs; sgRNA, single guide RNA.

a control, cLNPs encapsulating green fluorescent protein sgRNA (sgGFP-cLNPs) showed no reduction in cell viability,
indicating low toxicity. In vivo, sgPLK1-cLNPs were evaluated in a glioblastoma model, where they achieved 68%
PLK1 gene editing and significantly reduced tumor growth after a single dose. To overcome liver accumulation,
epidermal growth factor receptor (EGFR)-coated sgPLK1-cLNPs were used, targeting ovarian tumors overexpressing
EGFR. In an intraperitoneal Ovcar8 xenograft model, this treatment significantly reduced tumor growth and improved
survival.'®

Folate Receptor-Targeted Cationic Liposome (F-LP)

Folate receptor-targeted cationic liposomes (F-LP) were constructed to deliver CRISPR plasmids which expresses
Cas9 and sgRNA that targets DNA methyltransferase 1 (DNMT1) gene in ovarian cancer models. DNMT1 plays
an important role in DNA methylation and is associated with tumorigenesis and chemoresistance. Aberrant
overexpression of DNMT1 can lead to the inactivation of tumor suppressor genes and the maintenance of cancer
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stem cells.'®® F-LP formulations incorporated folate-PEG-succinyl-Chol for receptor-specific targeting. Optimal
binding between F-LP and gDNMT!1 plasmids was achieved at a weight ratio of 12:1 or 16:1, with no free
plasmid DNA observed in gel electrophoresis, suggesting a successful formulation of F-Lp/gDNMT1 complexes.
In vitro, F-LP/gDNMT1 complexes demonstrated a transfection efficiency of 28.6% in SKOV3 cells, effectively
disrupting DNMT1 expression and reducing DNA methylation. In vivo, these complexes inhibited both paclitaxel-
sensitive and paclitaxel-resistant SKOV3 tumors in BALB/c mice, with minimal side effects compared to high-
dose paclitaxel treatment. Tumor DNMT1 and HPla expression levels were downregulated, further indicating
reduced DNA methylation.'®'

Reduction-Sensitive Fluorinated-Platinum (Pt) Universal Transfection Nanoplatform (PtUTP-F)

A reduction-sensitive fluorinated platinum (Pt) nanoplatform (PtUTP-F) was developed for CRISPR/dCas9-mediated
activation of cancer/testis antigen 45 (CT45), which enhances chemosensitivity in high-grade serous ovarian cancer
(HGSOC).'"* The CRISPR/dCas9 (dead Cas9) system is devoid of nuclease activity and is incapable of cleaving the
target gene. However, it is still capable of binding to DNA strands and initiating transcription. In comparison to the
CRISPR/Cas9 system, which has the potential to damage genes and cause off-target alteration, CRISPR/dCas9 is a safer
and more controllable.'”'® Cancer/testis antigen 45 (CT45) is a protein phosphatase 4C (PP4C) inhibitor that can
disrupt the DNA repair pathway and to act as a chemosensitivity modulator, with implications for long-term survival in
HGSOC.'?”

PtUTP-F comprised Pt(IV), synthesized with hydrogen peroxide, and fluorinated polyethyleneimine (PEI1.8K-F).
The platform effectively bound CRISPR constructs at a minimum mass ratio of 1:1. The pCT45 plasmid, which
expresses SgRNA targeting the promoters of CT45, and the pCas9-VP64 plasmid, which transcribes the dCas9 activator,
were used to generate the dCas9-CT45 construct. The dCas9-CT45 loaded PtUTP-F (PtUTP-F/dCas9-CT45) was
prepared with an optimal ratio of 20:1:1 (WPtUTP-F/WpCT45/WdCas9). PtUTP-F/dCas9-CT45 achieved
a transfection efficiency of 61.4% in A2780 cells, surpassing that of commercial Lipo600 (39.7%). In medium containing
10% serum, PtUTP-F exhibited a transfection efficiency of 40.1%, significantly higher than Lipo600 (13.4%). In vitro,
PtUTP-F/dCas9-CT45 upregulated CT45 and downregulated PP4C, disrupted DNA repair pathways, and enhanced
platinum drug sensitivity. In vivo, PtUTP-F/dCas9-CT45 inhibited tumor growth and increased CT45 expression in
subcutaneous A2780 xenografts BALB/c nude mice.'®® The design of the nanoparticle and in vitro transcription results in
Lu et al (2021) are shown in Figure 4.

Multifunctional Nucleus Targeting “Core-Shell” Artificial Virus (RRPHC)

A multifunctional nucleus-targeting “core-shell” artificial virus (RRPHC) was constructed to deliver Cas9-hMTHI,
targeting MutT homolog 1 (MTHI) (Figure 4).'° MTH1 plays a crucial role in maintaining the integrity of the genetic
material by sanitizing oxidized deoxynucleoside triphosphate (dNTP) pools, preventing the incorporation of damaged
bases into DNA replication, thereby avoiding genetic instability and cell death. MTHI1 sanitizes oxidized nucleotides and
prevents their incorporation into DNA. Its inhibition selectively induces apoptosis in cancer cells.''*'"! RRPHC artificial
virus (RRPHC/Cas9-hMTHI1 nanoparticle) was constructed by combining the PF;3/Cas9-hMTHI1 nanoparticle with
a versatile multifunctional shell (RGD-R8-PEG-HA, RRPH). The core nanoparticle (PF33/Cas9-hMTH1) was formed
by binding Cas9-hMTHI to fluorinated polymer PF33 at a mass ratio of 1:1. The shell (RGD-R8-PEG-HA) targeted
CD44 receptors overexpressed in ovarian tumors, promoting cellular uptake and endosomal escape via hyaluronidase
degradation. In vitro, RRPHC/pEGFP nanoparticles exhibited a transfection efficiency exceeding 90% in SKOV3 cells,
outperforming Lipofectamine 3000. RRPHC/Cas9-hMTHI effectively inhibited MTH1 expression, induced apoptosis,
and reduced proliferation in ovarian cancer cells. In vivo, RRPHC/Cas9-hMTHI1 significantly inhibited tumor growth and

MTHI expression in subcutaneous SKOV3 xenograft BALB/c nude mice.'*?

CRISPR-GPS Nanocomplex

A tandem peptide nanocomplexes was constructed to deliver sgRNA/Cas9 ribonucleoprotein (RNP) complex. The
tandem peptide was composed of a cell-penetrating peptide (TP) and a avp3/avB5 integrin-targeting peptide (iRGD)
conjugated with a lipid tail, forming palmitoyl-TP-iRGD (pTP-iRGD). The CRISPR-GPS (guiding peptide sequences)
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Note: Data from Lu et al (2021)'°? and Li et al (2017).'®

Abbreviations: Cas9, CRISPR associated protein 9; Cas9-hMTHI pDNA, Cas9-human MutT homolog | plasmid DNA; EDCI, I-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride; FBS, fetal bovine serum; HA, hyaluronan; HAase, hyaluronidase; NHS, N-hydroxysuccinimide; PdCas9-Ct45, plasmid dead CRISPR associated
protein 9; pDNA, plasmid DNA; PEG, polyethylene glycol; PFs3, fluorinated polymers 33; PF33,(5:1), PF33 nanoparticle encapsulating enhanced green fluorescent protein
plasmid (5:1); PF33,(10:1), PF33 nanoparticle encapsulating enhanced green fluorescent protein plasmid (10:1); Pe(ll), platinum(ll); Pt(IV), platinum(IV); PtUTP-F, fluorinated
Pt(IV) universal transfection nanoplatform; RRPH, versatile multifunctional shell; RRPHC, a multifunctional nucleus targeting core-shell artificial virus.

nanocomplex was assembled using pTP-iRGD to encapsulate sgRNA/Cas9 RNP at a mass ratio of sgRNA:Cas9:pTP-
iRGD of 1:1:30. The CRISPR-GPS nanocomplex effectively targeted avb3 integrin in OVCARS cells, facilitating co-
localized sgRNA and Cas9 into the cell. Additionally, when the CRISPR-GPS nanocomplex carrying sgGFP1/Cas9 was
introduced into OVCARS cells expressing destabilized GFP (OVCARS8/d2eGFP), it disrupted more than 10% of GFP

expression. CRISPR-GPS nanocomplex efficiently delivered functional sgRNA/Cas9 complexes into the cells.'*
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Combination of CRISPR/Cas9 System and Other Drugs in Ovarian Cancer
Treatment

Anticancer Drugs in Ovarian Cancer

Anticancer drugs commonly used in ovarian cancer fall into two main categories: chemotherapy drugs (eg, platinum and
taxane-based agents) and targeted therapies, such as poly-ADP ribose polymerase inhibitors (PARPi) and vascular
endothelial growth factor inhibitors (VEGFi)."'*!'® Platinum-based drugs bind specific regions of the double-stranded
DNA structure in the nucleus of cancer cells, thereby inhibiting DNA replication and suppressing cancer cell
proliferation.''* Taxanes inhibit the separation of microtubules during the mitotic process, thereby inhibiting cell division
and proliferation.''> PARPi target enzymes involved in DNA repair, impeding the resolution of single-strand DNA
breaks and leading to double-strand breaks.''® VEGFi inhibit angiogenesis, suppressing tumor growth by disrupting the
blood supply.''” Figure 5 illustrates the mechanisms of action of platinum, taxane, PARPi, and VEGFi as well as their
combination with the CRISP/Cas9 system.

Ovarian cancer remains a lethal malignancy, primarily due to its high recurrence rate and the development of
resistance to anticancer drugs.''® Understanding the molecular mechanisms underlying drug resistance and identifying
target genes through CRISPR/Cas9 can enhance drug response and therapeutic outcomes.''*'?° Additionally, integrating
nano-based delivery systems with anticancer drugs offers a promising approach for improving outcomes in drug-resistant
cases. Table 3 summarizes the combination of CRISPR/Cas9 technology with chemotherapy for the treatment of ovarian
cancer, highlighting therapeutic target genes and anticancer agents.
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Figure 5 Combination of CRISPR/Cs9 with anti-cancer drugs.

Note: The Figure was created using BioRender.com.

Abbreviations: Cas9, CRISPR associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; PARP, poly (ADP-ribose) polymerase; PARPi, poly
(ADP-ribose) polymerase inhibitor; VEGF, vascular endothelial growth factor; VEGFi, vascular endothelial growth factor inhibitor.
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Table 3 Combination of CRISPR/Cas9 System and Chemotherapy in Ovarian Cancer Treatment

CRISPR/Cas9 Drug Ovarian Cancer Cell Line In vivo Efficacy Tumor Model Mechanism Refs.
Target Gene
EEFID Cisplatin SKOV3, - Knockout of EEFID inactivated PI3K/Akt signaling pathway and regulates Bax/bcl-2 levels to [121]
Cisplatin resistant SKOV3 promote cell apoptosis and suppresses DNA repair mechanisms
(SKOV/DDP)
RUNXI Cisplatin SKOV3 - RUNXI suppress cisplatin-induced apoptosis by upregulating BCL2 via suppressing miR-17~92 [122]
OVCAR3 cluster expression. Knockdown of RUNXI increased cisplatin-induced apoptosis by downregulating
BCL2 and upregulating miR-17~92 cluster
FBNI Cisplatin Cisplatin-resistant ovarian Cisplatin-resistant ovarian cancer organoids Knockout of FBN I increased sensitivity to cisplatin by restraining glycolysis and angiogenesis [123]
cancer organoids, OVCAR433 | xenograft BALB/c nude mice by subcutaneous through downregulating VEGFR2/STAT2 pathway and related genes
implantation
FABP4 Carboplatin OVCARS8 FABP4-knockout OVCARS xenograft FABP4 OVCARS cells intraperitoneal xenograft nude mice, reduced metastatic tumor, along with | [124]
immunocompromised athymic nude mice by tumor in the omentum associated with the increased ratio of 5-hydroxymethylcytosine (5-hmc)
intraperitoneal implantation within the DNA
SIK2 Carboplatin SKOV3, - SIK2 knockdown, downregulated surviving resulting enhance of carboplatin-induced apoptosis [125]
OVCARS8
CPTIA Carboplatin | Carboplatin-resistant HGSOC - Knockout of CPTIA increased carboplatin sensitivity by upregulated carboplatin-induced ROS [126]
intra-patient cell line PEO4 leading to increase of DNA damage and apoptosis
VASH2 Paclitaxel SKOV3, - Knockout of VASH2 increased paclitaxel sensitivity by reducing TCP activity and increasing cyclin | [127]
SHIN-3 Bl expression
B7-H3 Cisplatin A2780, - Knockdown of B7-H3 reduced drug resistance by downregulated phospho-PI3K and phosphor-AKT | [128]
Paclitaxel OVCAR3 and regulating BCL-2
Exol Cisplatin Cisplatin or doxorubicin- - Knockout of Exol disable cells to repair DNA damage by decreasing NHE] efficiency, increased [129]
Doxorubicin resistant SKOV3 cisplatin and doxorubicin sensitivity
ARIDIA Gemcitabine RMG-I, ES-2 or JHOC-9 xenograft BALB/c-nu/nu mice Knockout of ARIDIA increased sensitivity to gemcitabine and increased sub-G1 fraction in cell [130]
ES-2, by subcutaneous implantation cycle, leading to apoptosis
JHOC-9
ALDHIAI Topotecan Topotecan-resistant human - Knockout of ALDHIAI downregulated BCRP and COL3AI expression which related to drug [131]
primary ovarian cancer cell resistance, increased sensitivity to topotecan
line WI (WITR)
TRP53, BRCA2 Rucaparib ID8 TRP53 and BRCA2 knockout ID8 xenograft Knockout of TRP53 and BRCAZ2 resulted HRD, increasing rucaparib sensitivity [132]
C57BL/6 mice by intraperitoneal implantation
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Abbreviations: Akt, protein kinase B; ALDHIAI, aldehyde dehydrogenase | family member Al; ARIDIA, AT-rich interactive domain-containing protein |A; B7-H3, B7 homolog 3 protein; Bax, BCL2-associated X; BCL-2, B-cell
lymphoma 2; BCRP, breast cancer resistance protein; BRCA2, breast cancer susceptibility gene 2; Cas9, CRISPR associated protein 9; CPTIA, carnitine palmitoyltransferase |A; CRISPR, clustered regularly interspaced short palindromic
repeats; COL3AI, collagen type lll alpha | chain; EEFID, eukaryotic translation elongation factor | delta; Exol, exonuclease |; FABP4, fatty acid binding protein; FBNI, fibrillin 1; HGSOC, high grade serous ovarian cancer; miR-17~92,
microRNA-17~92; NHEJ, non-homologous end joining; PI3K, phosphatidylinositol 3-kinase; RUNXI, runt-related transcription factor I; SIK2, salt-induced kinase 2; STAT2, signal transducer and activator of transcription 2; TRP53,
transformation-related protein 53; VASH2, vasohibin-2; VEGFR2, vascular endothelial growth factor receptor 2.
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Combination of CRISPR/Cas9 Gene Editing and Platinum Drugs

The combination of CRISPR/Cas9 gene editing and platinum-based drugs offers a promising strategy to overcome drug
resistance in cancer therapy by targeting specific genes associated with tumor survival and chemoresistance. By precisely
knocking out genes such as eukaryotic translation elongation factor 1 delta (EEF1D), runt-related transcription factor 1
(RUNX1), fibrillin 1 (FBN1), adipocyte fatty acid binding protein (FABP4), salt-induced kinase 2 (SIK2), or carnitine
palmitoyltransferase 1A (CPT1A), CRISPR/Cas9 enhances the sensitivity of cancer cells to platinum drugs like cisplatin
and carboplatin, resulting in increased DNA damage and apoptosis.

The PI3K/Akt signaling pathway plays a crucial role in tumorigenesis, metastasis, and chemotherapy resistance.'**
Eukaryotic translation elongation factor 1 delta (EEF1D) activates this pathway, promoting proliferation and drug
resistance in cancer cells.'** In Xu et al (2022), EEF1D knockout in SKOV3 and cisplatin-resistant SKOV3 (SKOV/
DDP) cells led to PI3K/Akt pathway inactivation, regulating Bax/Bcl-2 levels to enhance apoptosis and suppress DNA
repair mechanisms. This increased sensitivity to cisplatin and reduced cancer cell survival.'?!

Runt-related transcription factor 1 (RUNXI1), known for its role in leukemia, also promotes metastasis, angiogenesis,
stemness, and chemoresistance in solid tumors.'*®> High RUNXI expression in ovarian cancer correlates with poor
survival in patients. RUNXI suppresses cisplatin-induced apoptosis by upregulating BCL2 and suppressing the miR-
17~92 cluster, which enhances apoptosis by targeting BCL2. Knockdown of RUNXI using CRISPR/Cas9 increased
apoptosis and cisplatin sensitivity in OVCAR3 and SKOV3 cells.'*?

Fibrillin 1 (FBN1), an extracellular matrix glycoprotein, influences proliferation, adhesion, and immune cell infiltra-
tion in the tumor microenvironment.'*® FBN1 was highly expressed in cisplatin-resistant organoids and was associated
with poor overall survival and progression-free survival. FBN1 knockout in cisplatin-resistant ovarian cancer organoids
and OVCAR433 increased sensitivity to cisplatin by inhibiting glycolysis and angiogenesis. This effect was mediated
through the downregulation of the vascular endothelial growth factor receptor 2 (VEGFR2)/signal transducer and
activator of transcription 2 (STAT2) pathway and related genes, including vascular endothelial growth factor
A (VEGFA), aldolase A (ALDOA), glucose transporter 1 (GLUT1), and angiopoietin-1 (Ang-1), as well as key genes
in the FAK/AKT1 pathway. In subcutaneous cisplatin-resistant ovarian cancer organoid xenograft models using BALB/c
nude mice, tumor size was significantly reduced with or without cisplatin treatment.'**

Adipocyte fatty acid binding protein (FABP4), a member of the intracellular lipid-binding protein family, has been
identified as a critical regulator of lipid-related metabolism in cancer cells. It has also been implicated in cancer cell
aggressiveness and drug resistance.'*” In the study by Mukherjee et al (2020), CRISPR knockout of FABP4 in OVCARS
cells implanted in intraperitoneal xenograft immunocompromised athymic nude mice resulted in reduced metastatic
tumors, including tumors in the omentum. This reduction appears to be associated with an increased ratio of 5-hydro-
xymethylcytosine (5-HMC) within the DNA. Furthermore, treatment with a FABP4 inhibitor in IDS8 cells in intraper-
itoneal xenograft C57BL/6 mice reduced metastases. Combination treatment with carboplatin and the FABP4 inhibitor
resulted in significantly smaller tumors than carboplatin treatment alone.'**

In a study by Fan et al (2021), knockdown of SIK2 in OVCARS and SKOV3 cells increased sensitivity to carboplatin
treatment. SIK2, a member of the AMPK family, plays a role in metabolic homeostasis and tumorigenesis.'*® In SIK2-
knockdown OVCARS cells, survivin—a protein that promotes tumor progression by deregulating apoptosis—was
downregulated. This downregulation enhanced carboplatin-induced apoptosis.'*

CPTI1A is a key rate-limiting enzyme in fatty acid oxidation (FAO), that converts acyl-coenzyme As to acyl-
carnitines. Recent studies have shown that FAO and CPT1A are associated with cancer growth and drug resistance.'*’
Huang et al (2021) demonstrated that FAO and oxidative phosphorylation (OXPHOS) metabolism are associated with
platinum resistance in HGSOC. In the HGSOC intra-patient cell line PEO4, which overexpresses CPT1A, increased
expression of the FAO/OXPHOS pathway was observed. Knockout of CPT1A in carboplatin-resistant PEO4 cells
increased carboplatin sensitivity by upregulating carboplatin-induced reactive oxygen species, leading to increased

DNA damage and apoptosis.'

International Journal of Nanomedicine 2025:20 hetps: 3923



Kim et al

Combination of CRISPR/Cas9 Gene Editing and Taxanes

Taxanes, such as paclitaxel, are widely used chemotherapeutic agents that target microtubules, disrupting cell division
and inducing apoptosis in cancer cells.'*® Combining CRISPR/Cas9 with taxanes allows researchers to identify and
manipulate specific genes that influence microtubule dynamics and drug sensitivity, offering a promising approach to
enhance therapeutic efficacy.

VASH2 accelerates angiogenesis and exhibits tubulin carboxypeptidase (TCP) activity related to microtubule
polymerization.'"*' In Koyangi et al (2021), knockout of VASH2 in SKOV3 and SHIN-3 cells increased paclitaxel
sensitivity by reducing TCP activity and detyrosinated tubulin levels, without affecting cisplatin sensitivity.'>” Similarly,
knockdown of B7 homolog 3 (B7-H3; CD276) in A2780 and OVCAR3 cells downregulated PI3K and AKT and reduced
proliferation. Additionally, knockdown of BCL-2 in A2780 and OVCAR3 cells reduced B7-H3-induced chemoresistance
to paclitaxel and cisplatin.'*® B7-H3 was more highly expressed in ovarian tumors from patients with high malignancy
compared to those with low malignancy.'*> B7-H3 contributes to proliferation and drug resistance by activating the

PI3K/AKT signaling pathway and upregulating downstream B-cell lymphoma 2 (BCL-2) in ovarian cancer cells.'*®

Combination of CRISPR/Cas9 Gene Editing and Other Drugs

In cancer therapy, inducing DNA damage to promote cell death is a common strategy.'*

However, cancer cells employ
multiple DNA repair mechanisms, with the non-homologous end joining (NHEJ) pathway being a critical mechanism for
repairing DNA double-strand breaks (DSBs).'** Exonuclease 1 (Exol), a 5' to 3 exonuclease, plays a key role in end
processing during NHEJ."*> He et al (2020) observed increased expression of Exol in cisplatin- or doxorubicin-resistant
SKOV3 cell lines. Knockout of Exol in these resistant cells increased sensitivity to ionizing radiation and reduced NHEJ
efficiency. Similarly, knockdown of Exol using siRNA enhanced sensitivity to cisplatin and doxorubicin treatment.'*’

AT-rich interactive domain 1A (ARID1A), a subunit of the SWI-SNF complex, acts as a tumor suppressor in ovarian
clear cell carcinoma (OCCC) and is mutated in approximately 50% of cases.'**'*” ARIDIA regulates proteins involved
in the cell cycle and DNA repair. Loss of ARIDIA in OCCC has been linked to resistance to platinum-based
chemotherapy. ARIDIA regulates proteins involved in the cell cycle and DNA repair, and its loss results in defective
cell cycle control and an impaired G2/M DNA damage checkpoint.'*® Gemcitabine, a pyrimidine antimetabolite, is
sometimes used to treat OCCC after platinum-resistant recurrence.'*® Kuroda et al (2019) demonstrated that ARID1A
knockout in the RMG-1 OCCC cell line increased sensitivity to gemcitabine. Similarly, cytarabine, another pyrimidine
antimetabolite, showed enhanced efficacy in ARID1A-knockout RMG-1 cells, unlike other drugs such as paclitaxel,
carboplatin, or doxorubicin. This indicates that ARID1A loss is closely associated with the response to pyrimidine
antimetabolites. Gemcitabine treatment in ARID1A-knockout RMG-1 cells increased the sub-G1 fraction of the cell
cycle, indicating apoptosis induction, while no such effect was observed in ARID1A-proficient ES-2 cells. In vivo,
gemcitabine suppressed tumor growth in ARID1A-deficient JHOC-9 xenografts in BALB/c-nu/nu mice but had no effect
in ARID1A-proficient ES-2 xenografts. Additionally, a clinical case of an ARID1A-deficient OCCC patient who was
resistant to paclitaxel and carboplatin showed a dramatic response to gemcitabine as a second-line treatment.'*°

In cancer stem cells, ATP-binding cassette (ABC) drug transporters such as breast cancer resistance protein (BCRP)
and extracellular matrix (ECM) components like COL3A1 are linked to drug resistance.'>*'>! Aldehyde dehydrogenase
isoform 1A1 (ALDHI1AL1) is a marker of ovarian cancer stem cells and is associated with chemoresistance.'>> Nowacka
et al (2022) reported that in the topotecan-resistant ovarian cancer cell line WI1TR, ALDHIA1 expression was elevated
compared to the drug-sensitive W1 line. Knockout of ALDHIA1 in WITR cells increased sensitivity to topotecan
treatment. However, in three-dimensional (3D) cell cultures conditions, ALDH1A1-knockout W1TR spheroids exhibited
increased resistance to topotecan. Furthermore, BCRP and COL3A1 expression were upregulated in W1TR cells but
were downregulated in ALDH1A1-knockout WI1TR cells, and were nearly undetectable in drug-sensitive W1 cells.
These findings suggests that factors such as spheroid density, ECM expression, and drug efflux capacity contribute to

increased topotecan resistance in 3D spheroid cultures.'*'
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Combination of CRISPR/Cas9 Gene Editing and PARP Inhibitors

The Cancer Genome Atlas Consortium reports that approximately 50% of ovarian high-grade serous carcinomas exhibit
homologous recombination deficiency (HRD).'>* HRD is an important biomarker for the efficacy of PARP inhibitor
therapy in ovarian cancer.'>* Mutations in transformation-related protein 53 (TRP53), BRCAI and BRCA2 impair the
repair of DNA double-strand breaks (DSBs) via homologous recombination (HR).'>> In Walton et al (2016), knockout of
TP53 and BRCA2 in IDS8 ovarian cancer cells resulted in the loss of Rad51 foci formation, indicating HR deficiency.
These cells showed increased sensitivity to the PARP inhibitor rucaparib compared to cells with only TRP53 knockout.
Additionally, TRP53 and BRCA2 knockout in ID8 intraperitoneal xenografts in C57BL/6 mice led to slower orthotopic
tumor growth compared to xenografts with only TP53 knockout.'*

In a subsequent study by Walton et al (2017), BRCA1, Pten, and Nf1 were also knockout in TRP53-knockout IDS cell
clones. TRP53:BRCA1 and TRP53:BRCA2 double-knockout IDS§ cells displayed homologous recombination deficiency
and increased drug sensitivity to both rucaparib and the platinum drug cisplatin compared to TRP53-knockout cells.

However, loss of Pten and Nfl did not significantly affect sensitivity to either rucaparib or cisplatin.'>®

Combining the CRISPR/Cas9 System with Immunotherapy
Cancer immunotherapy enhances the immune system’s ability to fight cancer, often by targeting tumor-associated
immune-suppressive mechanisms.'>’ Among these, immune checkpoint inhibitors have shown promising results in
ovarian cancer. The most extensively studied immune checkpoint targets are programmed cell death protein 1 (PD-1)
and programmed cell death ligand 1 (PD-L1), which help reverse immunosuppressive signals in the tumor
microenvironment.'>®

In Yahata et al (2019), PD-L1 was knockout in murine ovarian cancer ID8 cells and intraperitoneally inoculated into
syngeneic mice. Mice with PD-L1 knockout cells exhibited prolonged survival and tumor shrinkage compared to
controls. The therapeutic benefits were further enhanced with cisplatin treatment. Moreover, the anti-tumor effects of
genetic PD-L1 knockout were stronger than pharmacological PD-L1 inhibition using anti-PD-L1 antibodies.'*” In
Paffenholz et al (2022), CRISPR/Cas9 was combined with transposon/transposase-based systems and in vivo organ
electroporation (EPO-GEMM) to generate HGSOC model mice. CRISPR/Cas9 was used to target TP53, along with
tumor suppressor genes (Pten, Rb) or an oncogene (Myc). Treatment of HGSOC model mice with a combination of
cisplatin and anti—PD-1 antibodies resulted in greater tumor volume reduction and improved survival compared to

treatment with cisplatin or anti—PD-1 alone.'®

Conclusion

Ovarian cancer remains one of the most challenging malignancies due to its high relapse rate and persistent drug
resistance. These challenges underscore the urgent need for innovative therapeutic strategies to improve patient out-
comes. Key advancements include identifying candidate therapeutic target genes, developing nano-based CRISPR/Cas9
delivery systems, and combining CRISPR/Cas9 with conventional or novel drugs. CRISPR/Cas9 technology facilitates
precise gene editing to explore the roles of genes in cancer proliferation, migration, invasion, EMT, cell cycle regulation,
anoikis resistance, and angiogenesis. This versatile tool holds great potential for ovarian cancer gene therapy and drug
development. Nano-based delivery systems further enhance therapeutic efficacy by enabling efficient, targeted delivery to
tumor tissues or cells while minimizing side effects. The combination of CRISPR/Cas9 with nano-based systems offers
a synergistic approach, enabling direct gene editing within tumors to amplify therapeutic outcomes. Addressing drug
resistance remains a critical focus in ovarian cancer treatment. The integration of CRISPR/Cas9 with drug therapies has
shown promise in overcoming resistance by targeting genes associated with chemoresistance, thereby increasing drug
sensitivity in resistant cancer cells and improving treatment efficacy. The integration of CRISPR/Cas9 with nano-based
systems and drug therapies could address existing research gaps and pave the way for future investigations in ovarian
cancer treatment. Moreover, this approach has the potential to facilitate the clinical application of CRISPR/Cas9
mediated therapy in ovarian cancers by enhancing its efficacy and precision. In particular, the incorporation of
CRISPR/Cas9 into precision medicine frameworks could enable personalized treatment strategies tailored to the genetic
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profile of individual patients, ultimately improving therapeutic outcomes and minimizing adverse effects. In summary,
CRISPR/Cas9, in conjunction with nano-based delivery systems and drug therapies, represents a transformative approach
in ovarian cancer treatment. Its application in identifying therapeutic target genes and overcoming drug resistance offers
hope for improving patient outcomes and advancing cancer therapy. The combination of CRISPR/Cas9 with nano-based
delivery systems and drug therapies holds significant promise for the future of ovarian cancer treatment. This strategy
could enhance the safety and therapeutic efficiency of CRISPR/Cas9 gene therapy. Furthermore, the development of
CRISPR/Cas9 as part of precision medicine approaches offers the potential for targeted, patient-specific treatments that
maximize efficacy while reducing off-target effects. This promising therapeutic strategy may not only significantly
advance the treatment of ovarian cancer, but also serve as a potential breakthrough for the treatment of other cancers in

the future.
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