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This review examines CRISPR/Cas9’s utility as a novel gene-editing technology and its clinical application to the BRCA1
mutation, CPS1 deficiency and sickle cell disease to demonstrate the diverse stages of clinical translation and development
represented by CRISPR/Cas9 gene editing, from experimental research, to personalized treatment, to FDA-approved gene
therapies. CRISPR/Cas9 technology has the potential to cure a variety of inherited diseases if researchers improve how it is
applied by changing its mechanism. While research presents that CRISPR has a variety of usages, this paper comprehensively
reviews its application for a few specific diseases. Particularly, this review examines where CRISPR/Cas9 gene editing is
most effective and its areas of improvement by analyzing its benefits and drawbacks in these cases. A systematic search was
conducted across databases for research on CRISPR/Cas9’s utility in BRCA1 mutation, CPS1 deficiency, and Sickle cell disease
treatment, emphasizing where CRISPR’s technique diverged from past therapy options. This review found that by modifying
CRISPR/Cas9’s function and delivery vectors, researchers discovered multiple places where CRISPR/Cas9 could be applied.
CRISPR/Cas9 has been approved as a gene therapy for sickle cell disease, but long-term trials are still ongoing. Similarly,
CRISPR has been used as a therapy in base-editing for CPS1 deficiency, highlighting promising early results, but there is a lack
of long-term and widespread clinical data. Furthermore, ex vivo treatment has achieved greater clinical success than in vivo
treatment in diseases largely because targeting or specificity are essential for patient safety. However, the limited number of
in vivo clinical applications, especially for diseases such as CPS1 deficiency which have limited clinical research, means that
conclusions in the efficacy of in vivo vs. ex vivo treatment are premature. In the future, researchers should create safer in vivo
delivery platforms, decreasing adverse off-target effects; develop new Cas variants with relaxed PAM requirements to increase
mutations treatable using CRISPR/Cas9 gene editing; and develop new in vivo delivery platforms to target organs that cannot
be treated ex vivo. Finally, long-term clinical data regarding gene therapies is crucial to evaluating the safety and durability of
treatment.
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Introduction rized to perform a double-strand break and eliminate the virus
(Step 3). (Created by the authors).

A few components in the CRISPR/Cas9 system are neces-
sary for its cleaving mechanism. Upon infiltration by a phage

or plasmid, the bacteria or archaea obtain small fragments

Clustered regularly interspaced short palindromic repeats, bet-
ter known as CRISPR, exists as a natural disease-treating
system in bacteria and archaea. An integral part of the

CRISPR system is CRISPR-associated protein 9, or Cas9. The
CRISPR/Cas9 system naturally evolved as a defense mecha-
nism against bacteriophages and plasmid transfer, which can
confer a pathogenic trait, such as antibiotic resistance, to a
different cell .

A virus integrates its genetic material, called a spacer, into
the genome of a host bacterium, and CRISPR memorizes that
sequence in the case of reinfection (Step 1). If the same virus
reinfects the bacterium, the memorized spacer’s sequence will
be transcribed to an sgRNA that binds to the protein Cas9
(Step 2). The sgRNA-Cas9 system uses a PAM sequence to
locate the DNA that matches the sequence CRISPR memo-
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of the foreign nucleic acids called “spacers” (Figure 1, Step
1)2. The fragmented viral DNA sequence is stored in the host
genome’s CRISPR spacer region, which is an immunological
recording to combat future infections. If the bacterium is re-
infected with the same virus, the DNA sequence within the
spacer region is transcribed . After reinfection, CRISPR goes
through processing and saturation to generate a single guide
RNA (sgRNA), which guides the Cas9 enzyme to cleave the
target DNA of the reinfected virus (Figure 1, Steps 2 & 3) .
Cas9 is the main protein involved in the natural
CRISPR/Cas9 system, cutting DNA that bacteria must dispose
of to prevent future infection. Cas9 is an endonuclease, which
means that it cuts DNA within the strand instead of cutting
from the end?. It naturally only cuts double-stranded DNA,
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Figure. 1 CRISPR technique

forming double-strand breaks (DSBs), which are repaired af-
terwards. By breaking DNA strands, the base sequence of
the DNA is damaged and inactivated, blocking any disease or
plasmid from replicating itself .

However, Cas9 is only one of the two main parts of the
cleaving process. The previously mentioned sgRNA is the
component responsible for guiding Cas9 to cleave cognate
DNA strands by binding to the target DNA indicated by
CRISPR. The sgRNA has two parts: the CRISPR RNA (cr-
RNA) and the trans-activating CRISPR RNA (tracrRNA). The
tractrRNA acts as a scaffold for the sgRNA, forming a hairpin
shape”.

Notably, the sgRNA recognition process requires
protospacer-adjacent motifs (PAMs) or short DNA se-
quences located directly adjacent to the sequence that must be
cut, so it is fortunate that the most commonly used CRISPR
protein Streptococcus pyogenes Cas9 (SpCas9) prefers the
nucleotide sequence NGG, a PAM found in most organisms 1
Without PAMs, the Cas9 protein could not find or cut the
necessary DNA. There are many different types of Cas, but
Cas9 is the most notable one because its system’s most critical
feature, the PAM, is so versatile. SpCas9 can thus target
a broader range of sites compared to other Cas enzymes,
making it relatively more powerful both naturally and if
its capacity were to be harnessed artificially®. All these

components work together to form the natural CRISPR/Cas9
system.

Researchers recently transformed CRISPR/Cas9 from a
solely natural system into a gene-editing tool that permanently
corrects mutations or disrupts disease-causing genes. Wild-
type Cas9 only inactivates single genes at a time; however,
this cannot address diseases with more complex events like
multiple aberrations. By changing some parts of the phys-
iochemical structure and how it performs DSBs, researchers
hope to make an artificial CRISPR/Cas9 system more effec-
tive in treating a broader range of diseases .

Gene-editing technology has undergone three main gener-
ations of development: zinc-finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENs), and
CRISPR/Cas9, the most recent one. Unlike other generations,
CRISPR/Cas9 gene editing uses the base sequence of a small
segment of generated guide RNA to edit specific locations
in genomes instead of using proteins to target DNA strands,
skipping the protein development step and streamlining gene
editing!. This difference, along with its versatility, as shown
by PAM NGG being in most organisms, and multiplexed tar-
get recognition, makes CRISPR/Cas9 a transformative gene-
editing technology ’.

CRISPR/Cas9 gene editing currently has promising poten-
tial: it is being tested in treating cancers, cardiovascular dis-
eases, sickle cell anemia, and neurodegenerative diseases, and
there are a variety of employable Cas9 technologies involved
in treatments. Nevertheless, CRISPR/Cas9 gene editing has
barriers like every new technology, including challenges with
targeting DNA and delivering Cas9!. This review will discuss
some of CRISPR/Cas9’s current research and applications, as
well as its clinical limitations.

Methods

A structured literature search was conducted using Google
Scholar and PubMed. Key search strings included combina-
tions of “CRISPR AND Cas9”, “CRISPR AND gene edit-
ing”, “CRISPR AND BRCA1”, “CRISPR AND CPS1 de-
ficiency”, “CRISPR AND sickle cell disease”, “DNA repair
AND homologous recombination”, “AAV gene therapy”, and
“lipid nanoparticles delivery”. Articles published between
2000 and 2025 were primarily considered, with earlier liter-
ature reviews or book chapters used to provide background or
discuss CRISPR’s limitations. Other relevant literature was
identified through cited works within review articles and pri-
mary research papers.

Inclusion criteria compromised peer-reviewed journal ar-
ticles focused on CRISPR/Cas9 gene therapy, gene editing
mechanisms, CRISPR/Cas9’s applications, delivery systems,
BRCAI1, CPSI deficiency, and sickle cell disease. Exclu-
sion criteria included websites, non-peer-reviewed journals,
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duplicates, and articles unrelated to search criteria. A total of
135 records were identified through database searching. After
screening for duplicates, titles, and abstracts, 67 articles un-
derwent full-text review, and 12 articles were excluded due to
redundancy, irrelevancy, and scope, leaving 56 studies cited in
the final paper.

To differentiate between the maturity of different
CRISPR/Cas9 applications, evidence was categorized
into three levels: (1) preclinical evidence, including in vitro
and animal studies, (2) early clinical evidence, including case
reports and early clinical trials, and (3) clinically established
therapies that have been approved by the FDA.

The application of CRISPR in breast cancer
treatment

Breast cancer develops from uncontrolled cell growth and tu-
mor formation, which can be triggered by mutations in the
breast cancer type 1 susceptibility (BRCAI) gene, among
other factors®. While only 5-10% of all breast cancer cases
are hereditary, research suggests that approximately 65% of
people with BRCA1 mutations will develop breast cancer by
age 70°. The BRCAI protein exists in multiple tissues, in-
cluding breast tissue, as a component of cellular regulation by
maintaining cell stability, regulating gene transcription, and
controlling the progression of the cell cycle®.

The mutation of the BRCAI1 gene alone does not cause
breast cancer; rather, how BRCAI interacts with other pro-
teins and DNA affects the disease. The p53 protein is a well-
known transcription factor (meaning a protein that binds to
certain DNA sequences to regulate gene expression) that re-
sponds to a range of stimuli and cellular stressors. The p53
binding partner, which is also called 53BP1 and the p53-
binding protein 1, is crucial to DNA damage response (DDR).
It regulates the cellular response to repairing DSBs, which
preserves genomic integrity and supports cellular homeosta-
sis, specifically facilitating the end-joining of distal DNA ends
in the reparation process '%!!.

While 53BP1 and BRCA1 repair damaged DNA, their ap-
proaches differ: 53BP1 promotes non-homologous end join-
ing (NHEJ), and BRCA1 promotes homologous recombina-
tion (HR) 10,

In NHEIJ repair, Ku70/80 proteins and DNA-dependent pro-
tein kinase catalytic subunit form the DNA-PK complex to
protect DNA overhangs and recruit other enzymes (Step 1).
Nucleases and polymerases cut and insert DNA strands to
even them out (Step 2). The XRCC4-like factor protein fa-
cilitates the process of the ligase IV and X-ray repair cross-
complementing 4 proteins joining the DNA ends (Step 3).
In HR repair, DNA ends are coated with replication protein
A to protect them from further damage (Step 1). Then the

NHEJ repair HR repair
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Figure. 2 NHEJ vs. HR repair

Rad51 nucleoprotein filament searches for a homologous or
sister chromosome (Step 2). The Rad51 also helps invade the
other DNA, creating a D-loop and copying the sequences nec-
essary for repair (Step 3). Finally, both DNA strands are re-
solved/dissolved to complete the process. (Created by the au-
thors).

NHE] is the primary repair pathway for DSBs in the cell
cycle. The process first uses the Ku70/80 proteins and DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) to
form the DNA-PK complex (Figure 2, NHEJ repair, Step 1),
which recruits nucleases and polymerases to trim or fill broken
DNA ends (NHEJ repair, Step 2). Afterwards, the ligase IV
and X-ray repair cross-complementing 4 (XRCC4) proteins
are stabilized by the XRCC4-like factor (XLF) protein to join
the ends (NHEJ repair, Step 3). Because NHEJ does not rely
on a template to repair DNA, the process can result in a range
of insertion and deletion (indel) mutations !%13.

On the other hand, HR uses a template for repair, prefer-
ably the sister chromosome, which has an identical copy of the
broken DNA. If there is no sister chromosome in the cell, HR
uses the homologous chromosome instead. Firstly, the single-
stranded DNAs (ssDNA) are coated with replication protein
A (RPA) to protect against nucleolytic degradation (HR re-
pair, Step 1). Then the Rad51 nucleoprotein filament forms,
which searches for the sister or homologous chromosome (HR
repair, Step 2). Also with the help of the Rad51 protein, the
broken DNA ends then temporarily invade and intertwine with
the matching strands of the other chromosome to “copy” the
correct sequences, creating a displacement loop (D-loop) in
those strands as they invade '*!3. This formation is called the
Holliday junction (HJ), a four-way nucleotide junction where
a crossover joins two double-stranded DNA molecules (HR
repair, Step 3). The HJ is resolved/dissolved in the final step
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Table 1 Clinical Maturity of CRISPR Applications Discussed in this Review

Disease Representative Study Evidence Level Clinical Matu-
rity
BRCA1 Mutation | CRISPR functional screening | Preclinical (cell cul- | Experimental
as a research tool and gene- | ture and early trans-
correction studies lational studies)
CPS1 Deficiency Patient-specific adenine base | Single-patient clini- | Investigational
editing cal case report (n =
1)
Sickle Cell Dis- | Clinical trials and FDA- | FDA-approved ther- | Clinical estab-
ease approved CRISPR/Cas9 gene | apy lished
therapy Casgevy
of HR '®. While HR repair takes longer and is more accurate, et canteels
NHEI is faster but more dangerous due to the lack of a tem- ® ncodentonthe. o é Y 3. Multiply the
plate!”. Though the two processes are not mutually exclusive, e ceptor ::"%5* > e
the 53BP1 and BRCA1 proteins exhibit a mutual antagonism,
meaning one protein’s function inhibits the functioning of the
other. In this case, BRCA1 steps in in the place of 53BP1
when necessary 118
Ordinarily, 53BP1 displays higher sensitivity (meaning it o
reacts relatively quicker) to phosphorylated p53, a sign of .
DNA damage, with BRCA1 promoting HR joining when ac- :m(*
curacy is necessary for safety. However, mutated BRCA1 is TR r
weaker and less reactive, and the mutated BRCA1 C-terminal e oot c:illsnt')l:a;z(ii\‘t\:;:e ”imﬂ:
blood ody

(BRCT) domain, which engages with phosphoproteins and en-
hances nonphosphoprotein interactions to aid in HR repair,
changes the interaction between 53BP1 and BRCAL1. Instead
of the BRCAL protein promoting HR repair, 53BP1 engages
in NHEJ repair. Since NHEJ repair is inherently mutagenic
and error-prone, it may cause mutations at the site of damage.
Cancer thus develops, resulting in genomic instability, cancer
cell growth, and tumor formation -8,

The BRCA1 mutation is not the only way breast can-
cer occurs, but it is a well-known route. Nevertheless, new
CRISPR/Cas9 technology is a promising stepping stone to
managing breast cancer both as a potential therapy and a re-
search tool. In preclinical cell-based studies, researchers ex-
amined and corrected mutations by targeting genes and cells
associated with rapid cell growth and tumors. Not only that,
but the application of CRISPR/Cas9 gene editing can aid in
immunotherapy. Cancerous tumors form easily because can-
cer cells interfere with immune cell function and establish
an immune-suppressive environment within tumors. Because
a weaker immune system helps pathogenesis, strengthening
the immune system is a treatment option for targeting cancer
cells®.

Doctors first extract T cells from a patient’s blood. Next,
they insert a gene into the T cell that encodes for a chimeric
antigen receptor, creating CAR-T cells engineered to target

Cancer Cells

Figure. 3 CAR T-cell therapy process

cancer cells. Once the CAR-T cells are multiplied in a lab,
they are introduced back into the patient. The CAR-T cells
recognize and bind to antigens on the cancer cells’ surfaces,
fighting the cancer. (Created by the authors).

In the immune system, T-cells are a type of white blood cell
that defends against pathogens. By extracting these cells, ge-
netically modifying them, and reinserting them into the body,
scientists want to enable T-cells to target tumors more effec-
tively. To do this, the CRISPR/Cas9 technique involves in-
serting a chimeric, meaning combining domains from differ-
ent sources, antigen receptor (CAR) into the constant locus
of the T-cell receptor (TRAC), enabling CAR T-cell therapy.
The CAR enhances T-cell potency by aiding in the recognition
and targeting of cancer cells. Though this approach was lim-
ited in treating solid tumors, treatment for hematologic malig-
nancies, or cancers originating in blood-forming tissues, was
effective. However, though suitable NGG PAM sites can usu-
ally be found near selected target regions, the PAM’s necessity
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hinders SpCas9’s ability to target every sequence: by using en-
gineered Cas9 variants that have relaxed PAM requirements or
that can recognize a variety of PAM sequences, CRISPR/Cas9
gene editing can become more versatile. For example, deac-
tivated Cas9 (dCas9) with mutated nuclease domains can be
used for CRISPR interference and CRISPR activation, which
modify transcription. Ultimately, CRISPR/Cas9 is promising
in preclinical studies—not only does it streamline CAR-T cell
treatment, but it’s significantly more efficient than ZFNs and
TALEN:S, driving progress as a potential breast cancer therapy.
To date, CRISPR has not been used as a therapy to directly
treat BRCA1 mutations or breast cancer in patients; however,
its use as a research tool has been more effective.

As a research tool, CRISPR/Cas9 technology is useful in
identifying and analyzing different forms of breast cancer. In
a paper published in 2019, Kweon et al. assessed a CRISPR-
mediated cytosine base editor (BE3) used for the functional
analysis of BRCAI variants. Using 745 guide RNAs (gR-
NAs) to target all exons in BRCAI, they performed CRISPR-
mediated base-editing screening to identify loss-of-function
(LOF) variants and variants with previously unknown func-
tions. They found that BRCAI is crucial in the homology-
directed repair (HDR) process (a type of HR), and BRCA1
LOF results in cell death with increasing passage numbers,
which is detectable through the analysis of mutation frequen-
cies. Overall, BE3 is an impactful tool for reclassifying vari-
ants of uncertain significance (VUSs) in breast cancer, which

helps our understanding of the disease '°.

Lastly, researchers have tested CRISPR/Cas9 technology as
a means of reducing drug resistance. Cancer treatment fre-
quently targets and damages DNA to prevent pathogenesis,
so when DNA repairs too quickly, it hinders treatment ef-
fectiveness. Cyclin-dependent kinases (CDKs) contribute to
drug resistance because they are a class of enzymes that regu-
late DNA repair, among other cellular processes®. In a review
published in 2016, Sherr. et al. described that discovering dif-
ferent CDK regulators can make cancer treatment more effec-
tive. Specifically, the FDA approved the CDK4/6 inhibitor
palbociclib, which is used with the aromatase inhibitor letro-
zole?Y. Since two-thirds of breast cancers in post-menopausal
women—who cannot produce estrogen from their ovaries—
rely on estrogen to develop, inhibiting aromatase (an enzyme
that converts androgen into estrogens) slows cancer develop-
ment?!. Resistance to palbociclib creates overexpression of
CDKa®6, decreasing the effectiveness of palbociclib and, subse-
quently, cancer treatment. In preclinical in vitro studies, re-
searchers used CRISPR/Cas9 gene editing to delete CDK6 in
cells, which resulted in increased palbociclib sensitivity, re-
duc drug resistance, and more apoptosis in cells where CDK6
was knocked downAs discussed earlier, suitable PAM sites
are generally available for CDK6 knockout or knockdown, but
other variants of Cas9 with more relaxed PAM restrictions can

overcome certain PAM limitations 322,

Though CRISPR/Cas9 is not yet used in clinical settings
to directly treat breast cancer, it has the potential to aid can-
cer treatment in multiple ways: streamlining immunotherapy
and reducing drug resistance as a potential therapy, and an-
alyzing different forms of breast cancer as a research tool.
CRISPR/Cas9’s potential advancements in breast cancer iden-
tification seem minimal, but they can impact oncology exten-
sively. When inherited, LOF mutations—genetic changes that
reduce or eliminate the normal function of a gene—confer
susceptibility to breast, ovarian, prostate, and pancreatic can-
cer!'?. Therefore, assessing BRCA1 variants, developing bet-
ter cancer immunotherapy, and battling drug resistance are
crucial to treating cancer.

CRISPR’s application in Carbamoyl phosphate
synthetase 1 deficiency treatment

Carbamoyl phosphate synthetase 1 (CPS1) deficiency is a life-
threatening genetic disease characterized by the complete or
partial absence of the carbamoyl phosphate synthetase (CPS)
enzyme, one of five enzymes crucial to the urea cycle. Specif-
ically, CPS’s absence disrupts the urea cycle, which converts
toxic ammonia into a safer form that can be excreted from the
body: urea (Figure 4, Normal Urea Cycle). Therefore, CPS1
deficiency causes excessive nitrogen in the form of ammonia
to accumulate in the blood?3. In healthy infants, ammonia
levels are below 100 M; however, disruptions in the urea cy-
cle cause hyperammonemia (Figure 4, CPS1 Deficiency). In
CPS1 deficiency, hyperammonemia is usually severe, exceed-
ing 1 mM?*,

Normal Urea Cycle CPS1 Deficiency
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Figure. 4 Normal vs. CPS1 Deficiency Urea Cycle

In the normal urea cycle, the CPS1 protein acts as a rate-
limiting factor in the mitochondria of liver cells, converting
ammonia and carbon dioxide into carbamoyl phosphate. Once
the carbamoyl phosphate is produced, it completes the rest of
the cycle in liver cells’ cytoplasm. However, when there is a
CPS1 mutation, ammonia cannot be converted into carbamoyl
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phosphate, causing ammonia to build up in the body. (Created
by the authors).

While treatment does exist, its efficacy varies based on the
age of onset. In its late-onset form (childhood to adulthood),
CPS1 deficiency’s survival rate is 90% due to relatively less
extreme symptoms. On the other hand, the more common
neonatal onset form presents with a coma induced by hyper-
ammonia that often causes death within the first week of life.
Even those who recover suffer life-long neurological deficits
resulting from hyperammonemic encephalopathy 2.

Current treatment comprises a low-protein diet and nitrogen
scavenger administration (medications that eliminate excess
nitrogen) until a liver transplant is possible. Despite this, pro-
tein restriction and medication are limited in preventing recur-
rent hyperammonemia and neurological damage as a result.
Nitrogen scavengers specifically are also restrained by their
toxicity at high doses and the side effects of medication. While
a liver transplant is more promising, there are still associated
complications including long-term risk of allograft rejection
and infections; furthermore, the success of liver transplant still
depends on donor availability and early diagnosis. Ultimately,
all forms of intervention hinge on early detection; however,
CPS1 deficiency is not typically diagnosed until a major cri-
sis, which could leave lasting damage. Left untreated, CPS1
causes severe brain and liver damage 2627

Gene therapy is a prospective treatment option for CPS1
deficiency, as the CPS1 gene mutation causes the disease.
Generally, CPS1 gene mutations are missense mutations, a
single nucleotide change that causes a different amino acid
to be incorporated into a protein; however, researchers have
also recorded nonsense mutations, where a single nucleotide
change results in incomplete protein formation, and frameshift
mutations, in which the insertion or deletion of nucleotides af-
fects the way RNA is translated into a protein’®. Recently,
doctors have made breakthrough progress on CPS1 deficiency
treatment with the help of multiple gene editing therapies, de-
spite initially encountering obstacles.

Gene therapies are delivered into mammalian cells through
non-viral vectors like liposomes and nanoparticles, or viral
vectors like adeno-associated virus (AAV) and lentiviruses.
There are a few main differences between the two vectors:
while viral vectors deliver genes more effectively and sus-
tain gene expression, they are relatively more expensive, have
lower accuracy, and can be toxic. On the other hand, nonviral
vectors are less dangerous and able to transfer more genetic
material, but they have lower delivery potential and gene ex-
pression?®. AAV is a recently developed delivery tool in clin-
ical gene therapy, and it is valued for its minimal disease risk
and ability to establish long-term gene expression in various
tissues 3.

Multiple kinds of gene therapy exist to treat CPS1 defi-
ciency, but some forms are more permanent or safe than oth-

ers. The Cre recombinase and LoxP sites (Cre-loxP) system
is a murine model system that was used to simulate CPS1 de-
ficiency in mice, and it can temporarily “knock down” or de-
activate a gene using promoters and enhancers>'. Researcher
Taryn Diep and her team wanted to find out if restoring CPS1
expression in “deficient” humans with an AAV vector would
correct the problem with the CPS1 gene by developing an in
vivo therapy to simulate the process in mice 3.

The first step in this investigation was to create a viable
AAV vector. Despite being a promising treatment option for
CPS1, an AAV-based approach faces challenges due to a high
protein requirement in delivery and a large complementary
DNA (cDNA) size: with rAAV only permitting the delivery
of 4.7 kb of exogenous DNA, including the promoter, the
polyadenylation signal, and other enhancers, too large a cDNA
size would be detrimental to delivery. Diep et al. thus devel-
oped an oversized AAV vector as a gene therapy for treatment
and used small liver-specific promoters/enhancers and a min-
imal polyadenylation signal to constrain genome size. After
solving the delivery issue, the researchers began preclinical
testing on the mice 3233,

First, they conditionally knocked down the CPS1 gene in
adult mice (2 months old) by injecting Cre recombinase, cre-
ating CPS1-deficient mice. By injecting some mice with the
treatment vector designed to restore CPS1 expression, and
others with a null vector, Diep’s team hoped to discover if this
new in vivo treatment would work on humans. Nine months
after injection, the team performed ureagenesis determination
(the measurement and analysis of urea production) and ex-
posed the mice to elevated levels of ammonia to test the ca-
pacity of the urea cycle. They found that long-term survival
(9 months, end of study) was achieved for mice administered
AAVS8.CPS1, with urea-cycle-related amino acids remaining
generally stable and paralleling wild-type controls, while all
null vector-injected controls died from hyperammonia32.

Though this system worked well on mice, it may not be the
optimal treatment for humans—there was evidence of gene
fragmentation due to the full-length gene payload overwhelm-
ing the packaging capacity of AAV delivery, which prevents
the clinical translation of this gene therapy. Furthermore, since
AAV delivery is a viral vector, the high costs of this treatment
would be limiting if it were to be applied to clinical health-
care, which is why other gene editing and delivery methods
are crucial to research 2.

In May 2025, researchers at the Children’s Hospital
of Philadelphia and the University of Pennsylvania used
CRISPR/Cas9 technology to develop customized in vivo gene
therapy for an infant with CPS1, the first known case of per-
sonalized CRISPR/Cas9 therapy administered to a single pa-
tient>*. CRISPR/Cas9 technology base editing, such as cyto-
sine base editing (cytosine-to-thymine changes), adenine base
editing (adenine-to-guanine changes), and prime editing (any
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single-nucleotide change or small indel), has the potential to
address over 90% of pathogenic variants in rare genetic dis-
eases34. However, these estimates are based on analyses of
mutation rather than demonstrated clinical results. Many vari-
ants are limited by delivery challenges, editing efficiency, and
safety consideration. In the case of this patient-specific muta-
tion, researchers were able to develop a patient specific ther-
apy that could be delivered safely to the infant.

In the CPS1 deficiency patient, researchers developed an in
vivo base-editing therapy delivered to hepatocytes (liver cells)
using lipid nanoparticles (LNPs), a non-viral vector. LNPs
are an attractive nonviral delivery method of CRISPR/Cas9
gene editing due to their low immunogenicity and flexibility
in application. Not only that, but nonviral vectors have lower
limitations on payload size and packaging, which is necessary
when delivering large nucleic acids 33>, In Diep. et al.’s study,
the large payload they used resulted in gene fragmentation,
preventing the clinical application of AAV vector delivery.

There are two families of nanoparticles: nanospheres and
nanocapsules. Nanocapsules have a core containing the pay-
load, and an outer shell, while nanospheres hold compounds
in a homogenous matrix. LNPs are typically nanospheres that
hold compounds for gene therapy that enter cells through the
endocytosis pathway, meaning the cell engulfs the delivery in-
stead of diffusing it across the cell membrane. They contain
lipid moieties, chemical compounds of lipids that encapsu-
late nucleic acids for delivery and stabilize the nanoparticle.
Though there are a variety of formats, CRISPR/Cas9 com-
ponents can be delivered using LNPs, one of the most com-
mon methods is encapsulating plasmid DNA (pDNA) encod-
ing Cas9 and sgRNA in the LNP and giving it to the organ-
ism3>.

Recently, scientists engineered the CRISPR/Cas9 system to
increase its scope. By introducing point mutations (a sin-
gle base pair change in a genome) into either of Cas9’s nu-
clease domains, they created a Cas9 nickase (nCas), which
creates single-stranded “nicks” instead of DSBs. When com-
bined with other functional domains, this nCas9 can generate
base editors or prime editors, which correct small mutations,
such as single-base mutations®. In the CHOP’s personal-
ized delivery, the researchers used a base editing therapeutic,
which contained an mRNA drug substance encoding an ade-
nine base editor (ABE), as well as a sgRNA drug substance
containing a PAM sequence and a domain that combines with
a SpCas9 nickase domain in ABE. Unlike Diep’s AAV de-
livery approach, which was constrained by limited packaging
capacity, LNPs delivering a base-editor smaller than the full-
length gene used by Diep overcame the payload limitation and
avoided genome fragmentation. Therefore, the LNP deliv-
ery of the CRISPR/Cas9 gene therapy allowed the doctors to
change a single adenine to a guanine, correcting the mutation
causing CPS1 deficiency. For this patient’s CPS1 mutation, re-

searchers identified an ABE utilizing NGC PAMs, which was
specific to this patient’s case>*. However, because pathogenic
CPS1 variants can manifest in different ways throughout the
genes, not all mutations have suitable PAM sites nearby for
SpCas9 editing, meaning other Cas9 variants or engineered
nucleases may be more suitable for other cases.

These researchers called the customized therapy kayjaygu-
ran abengcemeran, k-abe for short. After two infusions of
this therapy at 7 and 8 months of age, the infant quickly re-
covered, seeing improvement since the very beginning of the
treatment 3.

This CPS1 deficiency case was well suited to an ABE be-
cause the infant carried a point mutation that could be cor-
rected with a nucleotide change of A to G. This editing method
was preferable to traditional CRISPR/Cas9 editing, which
would require a DSB, a process that may generate unwanted
indel mutations. Because this case included a suitable nu-
cleotide conversion for base editing, base editing provided a
more efficient and potentially safer strategy than prime edit-
ing.

While this is the first case of successful CRISPR/Cas9 ther-
apy administered to a single infant with CPS1 deficiency,
demonstrating the need for future trials and research to prove
clinical applicability, this success illustrates that scientists
have just begun to discover the extent of CRISPR’s potential,
not only in treating CPS1 deficiency on a larger scale, but in
treating a range of genetic disorders.

CRISPR’s application in the treatment of sickle
cell disease

The B-globin gene, found on the short arm of chromosome
11, is a member of the globin gene family, a group of genes
responsible for transporting oxygen in the bloodstream. The
globin genes express certain genes at certain times during hu-
man development. In typical human adults, two -globin pro-
tein chains combine with two a-globin protein chains and a
heme to create the predominant hemoglobin A (HbA) pro-
tein®.

The point mutation of an adenine to a thymine on the 8-
globin gene causes the codon GAG to become GTG, substi-
tuting a glutamine amino acid for a valine. The abnormal for-
mation of the hemoglobin results in red blood cells distorting
into a sickle shape, blocking blood flow in the bloodstream.
(Created by the authors).

While some f-globin mutations are silent, meaning they
do not harm a human’s health, several variants cause life-
threatening diseases. A variant of the beta-globin gene called
hemoglobin S or sickle hemoglobin (HbS) results from a
single-base-pair point mutation that causes the amino acid glu-
tamine to be replaced by valine at position 6 in the 3-globin
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Table 2 Comparison of Major CRISPR-Based Editing Approaches

Feature

Cas9 + NHEJ/HDR

Base editing

Prime editing

Type of edit

Gene knockout (NHEJ) or tar-
geted sequence modifications
(HDR)

Single-base substitution lim-
itetdtoA -G, C—=T,T—
C,G—A

Targeted insertion, deletions,
and all base substitutions

DSB required?

Yes

No

No

Major limitations

Cas9 + NHEJ/HDR has the
highest risk of unwanted ed-
its. DSB can generate indels
and chromosomal changes

Limited to 4 out of 12 base
conversions. Indels are typi-
cally < 1% for ABE?; main
issue is unwanted editing of
nearby nucleotides

More complex than other
editing methods and varying
efficiency depending on edit-
ing purpose, site, and cell
type. Variable but typically
low indel rates, and engi-
neered prime editing systems
can produce better results37-3

Current clinical ex-
amples

Casgevy treatment for sickle
cell disease by disrupting
BCL11A. Most established

Patient-specific CPS1 defi-
ciency gene therapy using
ABE. Emerging clinical use

Primarily  preclinical and

early clinical research

clinical maturity

Normal blood cells Sickle blood cells
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Figure. 5 Normal vs. Sickle blood cells
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chain. Sickle cell disease results (SCD) from autosomal re-
cessive inheritance, meaning both parents must be carriers of
one normal and one mutated gene. In the expression of sickle
cell disease, the person inherits either two copies of HbS or
one HbS and another beta-globin variant, such as hemoglobin
C (HbC) or hemoglobin D (HbD)3%40,

In sickle cell anemia (SCA), a severe form of SCD, low

oxygen tension in the bloodstream causes red blood cells to
distort into a sickle shape. This is due to the absence of a po-
lar amino acid (glutamine) at position 6 of the -globin chain,
leading to hemoglobin’s non-covalent polymerization. Re-
peated sickling of red blood cells injures the cells’ membranes
and decreases their elasticity. When oxygen tension returns to
normal levels, the cells cannot unsickle as they move through
capillaries, blocking blood vessels and restricting necessary
blood flow to body parts*°.

Since people with HbS are immune to malaria, researchers
hypothesize that this is why SCA is more common in people
of African and Mediterranean descent. Nevertheless, individ-
uals with SCA often experience chronic anemia, acute chest
syndrome, splenic and renal dysfunction, pain crises, and vul-
nerability to bacterial infections. Stroke and bacterial infec-
tion can be life-threatening, resulting in an early death.

Despite this, there are still treatment options. Mortality
has decreased due to newborn screening, penicillin prophy-
laxis, improved medical care, and family education. The
transplant of hematopoietic stem cells (HSCs), also known as
hematopoietic stem cell transplantation (HSCT), remains the
only known curative treatment for SCD3%4!,

In allogeneic hematopoietic stem cell transplantation, a
donor with at least 8/8 human leukocyte antigens matching
the patient is preferred to prevent the rejection of donated
cells. Healthy stem cells are extracted from the donor. The pa-
tient undergoes chemotherapy to ablate bone marrow to allow
the new stem cells to secure themselves before the donor stem
cells are injected into their body. (Created by the authors).

HSCT is generally divided into two types: autologous,
where a patient receives their own stem cells, and allogenic,
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Figure. 6 The process of allogeneic hematopoietic stem cell trans-
plantation

where a donor donates stem cells to a patient. Autologous
HSCT typically does not work in treating SCD unless the stem
cells have been genetically modified to correct the mutation,
which is why allogeneic HSCT is used more often. The donor,
preferably a sibling, must be matched with the patient, though
unrelated donors are also utilized. Human leukocyte antigens
(HLAs) are proteins in the body responsible for recognizing
foreign cells to trigger an immune response. A “matched”
donor preferably has identical sequences in at least 8/8 HLA
loci, minimizing the risk of rejection (Figure 6, Step 1). Be-
fore the transplant happens (Figure 6, Step 2), the patient un-
dergoes chemotherapy to remove the mutated stem cells, ab-
lating the bone marrow (Figure 6, Step 3). This allows healthy
stem cells to establish themselves (Figure 6, Step 4)*!.

In December 2023, gene therapy was approved for SCD
treatment for patients aged 12 years and older, displaying no-
ticeable potential as a more permanent solution. The two
drugs, Casgevy and Lyfgenia, were CRISPR/Cas9 and cell-
based therapies, respectively, with Casgevy marking the first
gene therapy employing CRISPR/Cas9 editing technology to
be approved by the FDA*?. Patients treated with Casgevy
receive autografts, meaning stem cells are collected autolo-
gously and treated in a lab. After chemotherapy, the lab-
treated stem cells are injected back into a patient. Not only
does that mean gene therapy decreases the chance of a pa-
tient’s body rejecting donor cells, which could potentially cre-
ate new chronic complications, but the step of finding a donor
is skipped entirely. More than 80% of patients with SCD
do not find a donor. Furthermore, age is a limitation for
HSCT, as patients under 12 demonstrated the best outcomes.
CRISPR/Cas9 is thus a potential treatment option for patients
over 12 years of age. While traditional SCD therapies may still
require lifetime efforts to manage symptoms, CRISPR/Cas9
therapy offers a more permanent cure, eliminating the need
for continuing supportive care. The gene therapy process is
similar to bone marrow transplantation, though no donor is
necessary +344,

CRISPR/Cas9 technology is instrumental in this form of
treatment. Engineered endonucleases can recognize the SCD
in CD347" cells, the specific type of stem cell involved in
the transplant process. Though ZFNs and TALENSs are sig-
nificant, they are expensive and time-consuming relative to
CRISPR/Cas9, making CRISPR/Cas9 the predominant edit-
ing technique. The process consists of an sgRNA, a Cas9 pro-
tein, and a donor DNA flanked by homology arms (sequences
of DNA that match the surrounding break site) encoding the
correct -globin sequence. In this technique, the sgRNA first
guides the Cas9 protein to the editing site, then Cas9 creates
a DSB. The cell ligates in the donor DNA using homology-
directed repair (HDR), a form of HR (Figure 2, HR repair).
For SpCas9, there are multiple NGG PAM sites available near
the target site, and as a result, SpCas9 can effectively access
the locus, contributing to its clinical translation. Other Cas en-
donucleases can also be utilized, such as Cas12, which uses a
thymine-rich PAM region®. However, PAM site availability
is not uniform across all diseases. While SCD’s therapeuti-
cally targeted site has many suitable PAMs for different Cas
endonucleases, this may not be the case for every disease.

Though there are multiple ways to deliver this complex, in-
cluding viral and non-viral vectors, the most common method
is electroporation, where an electrical pulse creates tempo-
rary pores in the cell membrane for delivery. This approach
can only be used for ex vivo gene therapy, so a different de-
livery is necessary for in vivo editing. As always, there are
some drawbacks to using CRISPR/Cas9 gene therapy to treat
SCD: off-target effects can lead to point mutations. Off-target
cleavage occurs when Cas9 cleaves an untargeted site, which
does not automatically create adverse harms. However, off-
target functional effects can lead to adverse outcomes, such
as disruptions in gene expression and regulation, oncogenic
transformations, genotoxicity, and genomic instability. How-
ever, reported off-target frequencies vary depending on the
guide RNA, editing platform, and target site, ranging from
undetectable levels to several percents. Thus, researchers
have developed high-fidelity Cas9s to reduce additional mod-
ifications. Compared to the widely used SpCas9, Cas9-HF1
(high-fidelity variant 1) produces fewer off-target results due
to decreased non-specific interactions with its target DNA
site, which may create excess energy than is needed for op-
timal recognition*#. Studies have shown that Cas9-HF1 can
nearly completely remove off-target mutations across a range
of different frequencies in comparison to wild-type SpCas9, as
indel frequencies were generally undetectable by sequencing
methods*S.

In comparison to ZFNs and TALENSs, which are costly and
labor-intensive, requiring extensive protein engineering exper-
tise, CRISPR/Cas9 editing is more efficient and easier to use
for target modifications, making it the primary editing plat-
form for SCD. However, because the target site relies on guide
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RNA complementarity, which is less stringent than ZFNs and
TALENS, it has higher off-target effects®>. This was partic-
ularly critical in the CPS1 deficiency infant case, where the
ABE was administered in vivo, meaning screening off-target
activity would be crucial. Conversely, because Casgevy is ad-
ministered ex vivo, this approach permits stem cells to be more
extensively screened for off-target effects before transplanta-
tion, reducing risks.

Nevertheless, for SCD, in vivo gene therapy evades many of
the disadvantages of ex vivo editing, including its cost, com-
plexity, and the potential cytotoxicity of ablating bone marrow
to inject stem cells back into a patient’s body’s. Moreover, the
prospective simplicity of in vivo editing could allow for treat-
ment to reach populations in developing countries where SCD
is widespread. The process of in vivo therapy is the same as
ex vivo therapy; however, the delivery is where it differs®.

CRISPR/Cas9 payloads can either be delivered system-
atically or locally. In systemic delivery, cargos are in-
jected through the veins, circulated through the body, and ex-
travasated from the blood vessels to enter the target cells. In
local delivery, the CRISPR/Cas9 complex is injected directly
into the interstitial space (the fluid between the blood vessels
and cells), increasing targeting accuracy but decreasing distri-
bution evenness. Different delivery formats have been tested
on animals and humans, with some formats unfit for humans.
Testing has included AAV vectors, LNPs, polymer nanoparti-
cles (PNPs), and more, but the most promising one is lentiviral
(LV) vectors®.

Step 1. Binding

20
@- ~2 Step 2. Entry
)
e .
.

7

W Viral RNA
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transcription
Step 5. Integrati

[ Envelope XD =P T |onT
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Reverse transcriptase (RT)
I Protease

Figure. 7 Lentiviral vector delivery

The lentiviral vector consists of a matrix that acts as a scaf-
fold for the cargo, an envelope, a lipid capsid, and three pro-
teins: reverse transcriptase, integrase, and protease. The enve-
lope attaches to and enters a cell (Steps 1 & 2), with the lipid

capsid dissolving upon entrance. Then the RT protein reverse
transcribes the viral RNA to DNA (Step 3). Next, the DNA is
imported into the nucleus (Step 4) and integrated into a spe-
cific site in the host cell’s chromosome with the IN protein
(Step 5). (Created by the authors).

LVs are a popular delivery system for CRISPR/Cas9 gene
editing because they can carry large payloads and maintain
strong, long-term gene expression in cells, providing a steady
state of “dosing” after one administration, which is crucial in
applying gene therapy. The LV genome consists of a single-
stranded RNA (ssRNA) inside of a spherical lipid capsid,
with the genome encoding multiple other genes, including re-
verse transcriptase (RT) and integrase (IN). LVs are enveloped
viruses, which use a glycoprotein envelope to attach to and en-
ter a cell. The most common glycoprotein is vesicular stom-
atitis virus protein G (VSV-G). After the LV enters a cell, the
RT starts a reverse transcriptase reaction, producing a double-
stranded DNA. After the DNA goes through nuclear import,
the process of moving molecules from the cytoplasm to the
nucleus, IN integrates it into the target site of the host cell’s
chromosome*7.

Given their effectiveness and safety, LVs were one of the
first delivery systems to be adapted for genome editing. In
CRISPR/Cas9 systems, LVs encode both Cas9 and an sgRNA
along with the other components. Delivering this payload into
a cell leads to the co-expression of Cas9 and sgRNA. Nev-
ertheless, LV’s long-lasting expression increases risks of off-
target effects, including non-specific RNA-DNA interactions
and off-target DNA cleavages*’.

While CRISPR/Cas9 therapy demonstrates successful clin-
ical translation of genome editing for treating SCD outside the
body, there are still challenges. In the future, researchers want
to improve in vivo editing by increasing delivery precision,
decreasing immune response, and obtaining constitutive ex-
pression®. Although further research and clinical testing are
necessary to determine if CRISPR/Cas9 treatment is effective
long-term, gene therapy already proves to be a more enduring
solution for SCD relative to earlier methods, due to its target-
ing of the underlying etiology of SCD and efficiency, as well
as the cost-effectiveness of treatment**,

Discussion

CRISPR/Cas9 is a valuable gene editing system with the po-
tential to treat multiple genetic disorders. Due to its sim-
plicity, versatility, and advanced targeting mechanisms, the
CRISPR/Cas9 system presently outperforms other gene ther-
apies, such as ZFNs and TALENs. Researchers have thus be-
gun applying CRISPR/Cas9 technology to treating breast can-
cer, CPS1 deficiency, and sickle cell disease; these are just
three of many genetic disorders CRISPR/Cas9 may be able
to treat long-term. Comparing CRISPR/Cas9’s application
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across these diseases highlights how efficacy can differ due
to the editing site, delivery methods, clinical maturity of re-
search, and safety.

CRISPR/Cas9 gene editing has shown progress in multi-
ple aspects of breast cancer treatment. Not only have pre-
clinical trials demonstrated that the technology may aid in ac-
tive treatment like CAR T-cell immunotherapy and drug re-
sistance reduction, but it also has streamlined research as a
tool. CRISPR/Cas9 was valuable in identifying and analyz-
ing different types of breast cancer mutations, contributing to
the field of oncology. Though CRISPR/Cas9’s application in
breast cancer treatment is only really established in the pre-
clinical space and Phases I and II of clinical trials, and much
work remains before it can be implemented widely on a clin-
ical level, a potential CRISPR/Cas9 gene therapy is an auspi-
cious solution to battling a disease thousands of people suf-
fer from each year*®. CRISPR/Cas9 gene editing of CPSI
deficiency, on the other hand, has made more progress than
breast cancer in terms of clinical translation. CRISPR/Cas9’s
most notable accomplishment was the collaboration between
the University of Pennsylvania and the CHOP, treating the in-
fant with CPS1 deficiency. Though the gene editing was suc-
cessful, little is known about the proven or long-term efficacy
of the treatment or CRISPR/Cas9’s other capabilities in treat-
ing CPS1 deficiency: current success is limited to one recent
case using base-editing therapy. Currently, we are far from
utilizing CRISPR/Cas9 for complete gene replacement ther-
apy. Finally, CRISPR/Cas9 gene therapy’s effectiveness in
sickle cell disease treatment covers both ex vivo and in vivo
delivery, though there are significant limitations in in vivo de-
livery methods. Casgevy, a CRISPR-based gene therapy, is an
FDA-approved treatment option for patients above 12 years of
age, meaning it’s the farthest along in clinical translation rel-
ative to the two other disorders mentioned in this paper. Cas-
gevy’s safety was evaluated in an ongoing, single-arm (mean-
ing there is no control group) trial of patients between 12 and
35 years of age who had at least two severe vaso-occlusive
crises, a type of sickle cell complication, in each of the two
years before screening. Before cell infusion, patients un-
derwent myeloablative conditioning with pharmacokinetically
dose-adjusted busulfan, which is an effective pre-HSCT reg-
imen eradicating malignant cells while preserving safety us-
ing individualized drug dosing. The primary endpoint was to
make sure patients were free from severe sickle cell complica-
tions for twelve consecutive months. All 44 patients achieved
successful engraftment, with minimal complications involv-
ing blocked blood vessels. The median follow-up was 19.3
months, and of the 30 patients who had sufficient follow-ups
to be evaluated, 29 were not hospitalized for vaso-occlusive
crises for at least twelve consecutive months, with no cancers
occurring. Seventeen patients were enrolled in the long-term
follow up study. All 44 patients experienced at least one ad-

verse event after the stem cell infusion, though most of them
were low severity. However, 42 patients experienced more
severe adverse events, most commonly low platelet or white
blood cell count, musculoskeletal pain, and stomatitis. Still,
the safety of the treatment was consistent with autologous
HSPC transplantation. Patients also experienced significant
improvements in their quality of life, including pain sever-
ity and frequency, and patient-reported outcomes exceeded the

minimal clinically important difference for questionnaires®.

Table 3 Clinical Development Timeline of Casgevy for Sickle Cell
Disease
Stage Milestone

First human clinical trial 44 patients aged 12 to 35 with severe sickle cell disease received
ex vivo CRISPR-edited stem cells

Interim clinical results Early reports demonstrated successful engraftment and reduc-
tions in vaso-occlusive crises, providing initial evidence of the

treatment’s efficacy and safety

Phase III publication (2024) Nearly all patients remained free of severe vaso-occlusive crises
for at least twelve consecutive months after treatment, with suc-

cessful engraftment and no cancers detected

FDA approval (2023) Casgevy became the first FDA-approved CRISPR-based gene

therapy for SCD, marking clinical efficacy

CLIMB-131 long-term | Patients are being monitored for durability of treatment, adverse

follow-up (ongoing) events, and long-term safety

These three applications demonstrate that CRISPR/Cas9
gene editing has made progress in clinical research and treat-
ment in some cases for genetic disorders, ranging from base
editing to screening. CRISPR/Cas9 gene editing demonstrated
advancements in all three diseases, as researchers successfully
either corrected, incorporated, or disrupted target genes. Cru-
cially, the diseases discussed in this review represent different
levels of clinical maturity. While BRCA1-related applications
are mainly preclinical in vitro studies investigating gene func-
tion and CRISPR/Cas9 editing’s applicability to therapeutic
targets, the single-patient CPS1 deficiency case demonstrates
early success in the in vivo application of an ABE, though
more research is necessary to establish its widespread clinical
viability. It also highlights the potential of individualized gene
editing for rare monogenic disorders, which is why its current
evidence is limited to the one case discussed in this paper. In
contrast, SCD represents the most clinically mature applica-
tion of CRISPR/Cas9 gene therapy, as Casgevy is an FDA-
approved gene therapy. Furthermore, current evidence from
these three diseases demonstrate greater clinical success using
ex vivo approaches rather than in vivo. For example, ex vivo
therapy Casgevy, permits stem cells to be evaluated for safety
and efficiency prior to transplantation, making it a relatively
safer clinical option than in vivo therapies. However, CPS1
though deficiency treatment was one exception, this can be at-
tributed to the CPS1 gene’s specificity to the liver and relative
targeting simplicity, and conclusions about the relative effec-
tiveness of ex vivo vs. in vivo approaches are premature due to
the small number of treated patients and the lack of long-term
evidence. The BRCAI gene is not specific to breast cancer
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since it is crucial in cellular processes like DNA repair, and
SCD treatment involves targeting the bone marrow, which is
more difficult than targeting the liver due to safety risks. These
factors mean that in vivo treatment may be impossible unless
more specific and effective procedures are developed. Differ-
ences in clinical trial progress indicate that CRISPR/Cas9 as
a gene therapy’s performance is limited by current research,
treatment simplicity, and delivery method, and finally, that the
long-term effects of CRISPR/Cas9 gene editing are not yet
known.

Ex vivo and in vivo editing both have their benefits and
drawbacks. While ex vivo therapy is safer, allows for greater
precision and control, and gives researchers more room to ex-
periment in a laboratory setting, it is time-consuming, expen-
sive, and hard to utilize on a large scale. On the other hand,
in vivo therapy lets researchers observe the effects of a certain
therapy on the whole body, fostering a better understanding of
a treatment, and it often eliminates the need for immunosup-
pressants. However, in vivo delivery is difficult to control and
has the potential for off-target effects; testing on animals and
humans can also raise ethical considerations. Though both in
vivo and ex vivo delivery have their strengths and weaknesses,
part of CRISPR/Cas9 gene editing is figuring out which deliv-
ery method and vector work best with which genetic disorder
and therapy, and how those factors impact patient care. For
example, in vivo care worked well for CPS1 deficiency treat-
ment, but is limited in BRCA1 research. This is because many
BRCAI1 variations are not yet well understood, so editing the
BRCAT1 gene could have unintended effects across the body.
The infant cured utilizing CRISPR/Cas9 therapy had a CPS1
mutation correctable with a base editing technology, but this
relative simplicity may not be attainable in other CPS1 mu-
tation cases. Crucially, for SCD therapy, there are substan-
tial risks associated with myeloablative conditioning, which is
needed before edited stem cells are transplanted back into pa-
tients. Myeloablative conditioning carries serious side effects,
such as lung and thyroid toxicities, growth impairment, sec-
ondary malignancies>’. Current ex vivo CRISPR treatments
require intensive chemotherapy, and avoiding this condition-
ing is a key research goal that increases the efficacy of treat-
ment.

Adenovirus (AdV) vectors are a common viral
CRISPR/Cas9 delivery system, and researchers have
modified them to include faster expression, higher capacity,
and the inclusion of multiple genes like Cas9 and sgRNAs.
Nevertheless, AdV particles can cause an innate immune
response, risking complex production processes fundamental
to life and tissue inflammation. AAV delivery is also a popular
CRISPR/Cas9 vector due to low immunogenicity, stable gene
expression, and targeting accuracy, but its limited cargo size
hinders Cas9, sgRNA, and promoter introduction. Even split-
ting cargo into multiple vectors to resolve capacity issues still

encounters limits with efficiency. The aforementioned LVs,
on the other hand, can accommodate both Cas9 and sgRNA
and are relatively safer than other viruses. This allows them
to infect cells that are resistant to other delivery methods.
However, viral genes still have concerns surrounding random
integration into the host genome, producing mutagenesis (the
mutation of genetic material), among other threats. These
viral vectors are crucial in in vivo delivery, but weaknesses
exist. As an alternative, non-viral vectors are becoming more
popular, with efficiency, stability, and reduced toxicity advan-
tages. LNPs are also effective, especially in in vitro editing,
but they face challenges in systemic delivery (administration
through the bloodstream) due to safety concerns and limits
in in vivo usage. Polymeric nanoparticles (PNPs), a different
nanoparticle, offer benefits like high biocompatibility and
biodegradability, which are crucial to preventing adverse
reactions in the body. They also have high chemical diversity
and functionalization potential, enabling flexibility and broad
application. Furthermore, researchers have enhanced PNPs,
stabilizing the CRISPR/Cas9/sgRNA complex and enabling
multiplex editing, cell-specific targeting, and HR repair.
Compared to LNPs, these polymer-based systems are less
toxic and more efficient. Regardless, like every delivery
system, PNPs are limited by conflicting mechanisms of
action, expensive and lengthy manufacturing, and limited
adaptability between individual patients. PNPs also have less
long-term gene expression than other delivery vectors, being
nonviral vectors>'2,  No CRISPR/Cas9 delivery vehicle
is perfect, but each one has its strengths and weaknesses;
by improving upon each vector and adjusting them to fit
specific procedures, researchers can increase the efficacy of
administration.

Another important challenge to CRISPR’s clinical suc-
cess is editing efficiency: gene editing usually affects only
a fraction of targeted cells, which can significantly influence
whether a therapy is effective or not. When only a fraction of
the cells is edited, the development of two genetically distinct
cell populations is called mosaicism>3. The significance of
this challenge depends on the disease. For disorders like SCD,
which requires engraftment of edited stem cells, a certain
amount of corrected cells must be engrafted into a patient to
generate enough healthy blood cells to achieve long-term ther-
apeutic success. In vivo therapies for CPS1 deficiency simi-
larly require adequate editing of liver cells to restore enough
healthy enzyme activity for normal urea cycle function. Edit-
ing efficiency is typically assessed using sequencing, such as
Sanger sequencing, which can be used to evaluate if editing
is present at the target site. Tools like Tracking of Indels by
Decomposition (TIDE) and Inference of CRISPR Edits (ICE)
analyze Sanger sequencing to determine editing efficiency and
the frequencies of indels. Another method is flow cytome-
try, which analyzes the physical characteristics of cells after
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editing>*. Strategies to improve editing efficiency include de-
veloping better gRNA design, engineering higher-fidelity Cas
proteins, improving delivery platforms to increase the durabil-
ity of editing in cells. By improving editing efficiency while
minimizing mosaicism, CRISPR/Cas9 gene editing can be ap-
plied to more diseases with reliable therapeutic outcomes.

CRISPR/Cas9, despite its potential advancements in gene
therapy, still has other limitations. Base mismatches between
sgRNA and nontargets could lead to off-target effects, and the
applicability of CRISPR/Cas9 gene editing goes down when
Cas9 doesn’t have a PAM site to locate. Furthermore, Cas9
cleavage typically triggers NHEJ repair (Figure 2, NHEJ re-
pair), which could result in massive base deletions and chro-
mosomal structure errors. These mistakes could lead to tu-
mors, though the probability of that happening is low. Deliv-
ery deviation is also possible when therapy travels elsewhere
or triggers an immune system response, which is why im-
proving delivery precision is crucial!. In breast cancer treat-
ment, CRISPR/Cas9 gene editing is limited by its potential
risk in in vivo treatment, which is critical for the direct ther-
apy of cancer. Another issue is the cost and availability of
CRISPR/Cas9 therapy to patients**. Though CPSI clinical
translation worked in one case, this treatment may not be vi-
able to the general population: its limitations still include vari-
ability between patients since CPS1 deficiency may not mani-
fest in the same way for everyone, along with the cost of treat-
ment. Furthermore, the researchers who treated the infant de-
veloped a personalized procedure within the first few months
of the infant’s life, which may not be granted to every patient
with CPS1 deficiency*. Because the treatment is also rela-
tively new, little is known about its long-term effects on the
patient’s body. Though LNPs worked as a better delivery vec-
tor than AAVs, due to their capacity to carry larger payloads
and lower immunogenicity, nonviral vectors struggle with sus-
tainable gene expression relative to viral vectors?®. In the fu-
ture, there may be an improved vector capable of harnessing
the benefits of both viral and nonviral vectors. The limits of
CRISPR/Cas9 therapy in SCD also focus more on the admin-
istration approach and less on the actual gene-editing. Not
every delivery method is viable for humans, and the options
narrow down even further in in vivo editing. Today’s clinical
CRISPR/Cas9 options are ex vivo editing. Still, even ex vivo
therapy, such as Casgevy, is expensive, predicted to cost up-
wards of $2 million, according to Tariq et al., mostly attributed
to costs in the pre-transplant period, which includes treatment
personalization, clinical preparation, and extensive manufac-
turing.. Despite this, gene therapy is likely to be cost-effective
at its price due to relatively higher expenses for caring for peo-
ple with sickle cell disease over their lifetime, which could ex-
ceed 8 million dollars for a patient surviving to age 50. Other
costs of lifetime management include hidden fees, such as loss
of wages due to frequent healthcare visits, unemployment, and

reduced quality of life. Indeed, patients treated by gene ther-
apy had lower costs in follow-up periods due to fewer compli-
cations and lifetime symptom management*+>. Furthermore,
Casgevy is restricted to a clinical setting, and the potential of
other delivery methods have not been fully explored. Even
the most promising vectors, LV vectors, have drawbacks like
insertional mutagenicity, transgene activation, and immuno-
genicity. There is still a long way to go in terms of maximizing
CRISPR/Cas9’s applicability in genetic disorders*’. Lastly,
the suitability of PAM sites means that not all pathogenic vari-
ants in diseases, such as BRCAl-associated cancers, CPS1
deficiency, and SCD, are able to be addressed with SpCas9.
Nevertheless, the continued development and engineering of
Cas proteins with relaxed PAM requirements is expected to
significantly increase the number of diseases that can be clin-
ically targeted with CRISPR/Cas9 gene editing in the future.
Two such variants have recently been developed—xCas9 and
Cas9-NG, which both require only an NG PAM sequence as
opposed to NGG. However, their activity and efficacy has only
been tested at a limited number of sites>®.

Although CRISPR/Cas9-based therapies have shown sig-
nificant potential, clinical translation raises ethical and soci-
etal questions. One of these concerns is equity of access:
current FDA-approved CRISPR therapies are expensive, re-
quiring clinical infrastructure, limiting access for patients in
low and middle-income countries. Coverage gaps as well as
digital inequities also make reaching patients difficult. As
mentioned earlier, SCD is most common in people of African
and Mediterranean descent; therefore, as more CRISPR-based
therapies become clinically approved, expanding access is es-
sential for closing healthcare disparities, especially in areas
that need it the most. Another challenge is informed con-
sent. In the case of the infant treated for CPS1 deficiency,
parents or legal guardians made treatment decisions on be-
half of the infant. Because infants cannot provide consent,
if CRISPR/Cas9-based therapies were to be implemented on a
large scale for rare diseases, parents and legal guardians must
choose to consent to treatment by balancing the risk of gene
therapy with the potential fatality of a disease. Therefore, it
is even more important that therapies are administered with
long-term data of its safety and efficacy. Finally, the distinc-
tion between somatic and germline genome editing is crucial.
The potential therapies discussed in this review, including the
BRCA1 mutation, CPS1 deficiency, and SCD, are all exam-
ples of somatic editing, which are genetic changes constrained
to a patient’s body cells. Conversely, germline editing changes
reproductive cells, meaning changes can be inherited by future
generations. Because germline editing has unclear long-term
effects, and has not yet been extensively researched, it raises
ethical and societal questions about consent and risks associ-
ated with inheriting modified cells. Thus, continued scientific
advancement using CRISPR/Cas9 gene editing as a potential
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therapy must be subject to ethical oversight to ensure that new
technologies are developed equitably, safely, reliably.

This review demonstrates that the clinical maturity of
CRISPR-based therapies varies between different types of dis-
eases.. In the future, researchers should focus on stream-
lining a few key aspects of this technology. First, develop-
ment of safer in vivo editing platforms, such as Cas9-HF1,
can reduce adverse off-target effects, which is crucial for ex-
panding CRISPR/Cas9 therapeutics beyond purely ex vivo ap-
plications. Second, alongside safer platforms, continued re-
search of Cas variants with decreased PAM limitations ex-
pands CRISPR/Cas9’s applicability to more pathogenic vari-
ants of diseases, increasing its potential as a therapy. Third,
improved delivery systems, including vectors targeting the
liver for disorders like CPS1 deficiency, are necessary to de-
liver CRISPR/Cas9 editors to certain organs that cannot be
treated ex vivo. Finally, long-term clinical registries are cru-
cial for evaluating the durability and safety of treatments, in-
cluding improvements to patients’ quality of life. Especially
in the case of Casgevy, the first FDA-approved CRISPR/Cas9
gene therapy, understanding the long-term implications of
CRISPR/Cas9 gene editing treatment are crucial to millions
worldwide. Ultimately, the evidence presented by these three
diseases indicates that CRISPR/Cas9 is currently closest to
clinical translation for monogenic disorders treated using ex
vivo editing, whereas more complex diseases like cancer, or
extremely rare disorders like CPS1 deficiency, require more
editing precision, advances in delivery, or personalized treat-
ments before clinical translation is possible.
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