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Simple Summary: In the last two decades, the therapeutic landscape of several tumors have changed
profoundly with the introduction of drugs against proteins encoded by oncogenes. Oncogenes play
an essential role in human cancer and when their encoded proteins are inhibited by specific drugs,
the tumoral process can be reverted or stopped. An example of this is the case of the chronic
myeloid leukemia, in which all the pathological features can be attributed by a single oncogene.
Most patients with this disease now have a normal life expectancy thanks to a rationality designed
inhibitor. However, the drug only blocks the protein, the oncogene continues unaffected and
treatment discontinuation is only an option for a small subset of patients. With the advent of genome-
editing nucleases and, especially, the CRISPR/Cas9 system, the possibilities to destroy oncogenes
now is feasible. A novel therapeutic tool has been developed with unimaginable limits in cancer
treatment. Recent studies support that CRISPR/Cas9 system could be a definitive therapeutic option
in chronic myeloid leukemia. This work reviews the biology of chronic myeloid leukemia, the
emergence of the CRISPR system, and its ability as a specific tool for this disease.

Abstract: The constitutively active tyrosine-kinase BCR/ABL1 oncogene plays a key role in human
chronic myeloid leukemia development and disease maintenance, and determines most of the
features of this leukemia. For this reason, tyrosine-kinase inhibitors are the first-line treatment,
offering most patients a life expectancy like that of an equivalent healthy person. However, since the
oncogene stays intact, lifelong oral medication is essential, even though this triggers adverse effects
in many patients. Furthermore, leukemic stem cells remain quiescent and resistance is observed in
approximately 25% of patients. Thus, new therapeutic alternatives are still needed. In this scenario,
the interruption/deletion of the oncogenic sequence might be an effective therapeutic option. The
emergence of CRISPR (clustered regularly interspaced short palindromic repeats) technology can offer
a definitive treatment based on its capacity to induce a specific DNA double strand break. Besides,
it has the advantage of providing complete and permanent oncogene knockout, while tyrosine
kinase inhibitors (TKIs) only ensure that BCR-ABL1 oncoprotein is inactivated during treatment.
CRISPR/Cas9 cuts DNA in a sequence-specific manner making it possible to turn oncogenes off in a
way that was not previously feasible in humans. This review describes chronic myeloid leukemia
(CML) disease and the main advances in the genome-editing field by which it may be treated in
the future.
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1. Clinical Features of Chronic Myeloid Leukemia

Chronic myeloid leukemia (CML) is a myeloproliferative disease with an incidence of
1-2 cases per 100,000 each year, accounting for 15% of all new cases of leukemia [1]. The
frequency is higher among adults, in whom the mean age of incidence is about 55 years,
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and indeed, rarely arises during childhood. It may affect both sexes, but is slightly more
common in males, with a ratio of 2.2 men to 1.4 women per 100,000 affected [1,2]. The most
common clinical symptoms of CML include fatigue, anemia, splenomegaly, abdominal
pain, and recurrent infections. However, a large proportion of asymptomatic patients
are diagnosed after an unrelated medical examination [1]. Three clinical phases of its
pathological evolution are recognized. At first, CML disease is characterized by a myeloid
hyperplasia in an indolent chronic phase (CP). At this point, leukemic stem cells (LSCs)
respond to growth factors, but myeloproliferative differentiation pathways acquire an
advantage because they are the main cause of the massive myeloid expansion characteristic
of CML [3]. In this initial phase, myeloid progenitors and mature cells accumulate in the
blood and extramedullary tissues. Without effective therapy, CML progresses through a
period of increasing instability known as the acceleration phase (AP), ending in an acute
leukemic-like disease known as the blast crisis phase (BP). The definitions of AP and BP
are largely dependent on the proportion of blasts in the blood and bone marrow. AP and
BP are characterized by a maturation arrest in the myeloid or lymphoid lineage, and newly
accumulated genetic and epigenetic aberrations occur in LSCs [4]. The final BP stage can
result in a lymphoblastic (25%), myeloblastic (50%), or biphenotypic/undifferentiated acute
leukemic phenotype (25%), which indicates a stem origin for CML disease [5], as shown in
Figure 1. Finally, bone marrow failure due to a lack of cell differentiation, and a massive
infiltration by immature blasts, causes patient mortality from infection, thrombosis, or
anemia [6].
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Figure 1. Chronic myeloid leukemia clinical phases. (A) Normal hematopoiesis characterized by the existence of hematopoi-
etic stem cells with a controlled self-renewal and multipotency ability, resulting in balanced hematopoiesis between myeloid
and lymphoid lineages. (B) In the chronic phase the myeloproliferative differentiation pathway acquires an advantage,
and a massive myeloid expansion is produced. (C) Blast crisis is characterized by a maturation arrest in the myeloid or
lymphoid lineage. Newly accumulated genetic and epigenetic aberrations appear in leukemic stem cells (LSCs) and blast
cells go out from bone marrow to peripheral blood.

Diagnosis is based on detecting the hallmark of CML, the presence of the chromosome
22 abnormality known as Philadelphia (Ph), named after the US city in which it was first
observed. It is the result of the reciprocal translocation between chromosomes 9 and 22-
t(9,22) [7]. Conventional cytogenetics, fluorescence in situ hybridization (FISH), and reverse
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transcription PCR (RT-PCR) are the techniques commonly used to confirm a diagnosis of
CML and to evaluate the response to therapy.

Before successful treatments became available, the median survival of CML patients
after diagnosis was approximately 3-5 years [8,9]. The therapeutic landscape of CML
changed profoundly with the introduction of tyrosine kinase inhibitor (TKI) drugs [8,10,11],
and most patients with CP-CML now have a normal life expectancy. However, treatment
discontinuation is only an option for a small subset of patients [12].

2. Molecular Biology of Chronic Myeloid Leukemia

Nowell and Hungerf, in 1960, first described the Ph chromosome, a small chromo-
some present in the bone marrow cells of CML patients [7]. It was the first time that a
chromosomal abnormality had been linked to a particular neoplasia [13]. Subsequent
investigations confirmed that the generation of the Ph chromosome was due to the t(9;22)
(q34;q11) translocation. The next breakthrough in our understanding of CML occurred in
the 1980s, when it was demonstrated that this rearrangement gave rise to a fusion gene [14].
In this translocation, the analogue of the v-ABL protooncogene from chromosome 9 is
moved to the breakpoint cluster region of the BCR gene on ch22. The location of the
breakpoints between the two loci is variable [15]. Commonly, the breakpoint at the ABL
locus occurs in a DNA region spanning more than 200 kb housing exon 2. At the BCR
locus, the breakpoints occur in the major breakpoint cluster region (M-bcr), which spans a
3 kb region that includes exons 13 and 14 of BCR. All the rearrangements involving both
breakpoint regions give rise to a 210 kDa protein, the most common chimeric transcript in
CML [16]. However, in a minority of CML cases, the BCR breakpoint is located near exon
2, termed the minor breakpoint cluster region (m-bcr). In these cases, the resulting mRNA
gives rise to a 190 kDa protein [15]. Finally, another infrequent breakpoint cluster region
(u-ber) exists, downstream of BCR exon 19, which generates a 230 kDa protein when it is
translocated to the ABL1 locus [17], as shown in Figure 2.
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Figure 2. Structure of the BCR/ABLI oncogene. (A) Schematic representation of the t(9;22) (q34;q11) translocation triggering

the Philadelphia chromosome. (B) Breakpoint locations between BCR and ABL1 genes. Different fusion protein combinations

yield different outcomes.
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A.BCR PROTEIN

B. ABL PROTEIN

Since the BCR/ABL1 fusion was described, the efforts of the scientific community
have focused on elucidating its molecular roles in CML pathology. Several studies have
shown the aberrant and constitutive tyrosine kinase activity of the BCR/ABL1 oncoprotein,
highlighting this activity as being responsible for the transformation of the hematopoietic
stem cell [18-21]. The fusion of the two genes constitutively activates the tyrosine kinase
domain of ABLI, which contains three SRC homology domains (SH1-SH3). The SH1
domain enables the tyrosine kinase function, whereas the SH2 and SH3 domains mediate
interactions with other proteins [22]. The SH3 domain is critical to the regulation of ABL1
kinase activity, thereby presenting a target for clinical therapy. It is known that the fusion
between the 5" end of BCR and the SH3 domain of ABLI abrogates the physiological
suppression of the kinase [23]. Meanwhile, BCR has an important coiled-coil (CC) domain
that will allow BCR/ABL1 dimerization and subsequent trans-autophosphorylation, thus
increasing the molecular signal [24], as shown in Figure 3. The phosphorylation of the
Y-177 tyrosine residue domain SH2 of ABL allows the high-affinity binding of the growth
factor receptor-bound protein 2 (GRB2) as well as the scaffolding protein Gab2, activating
the Ras pathway [25]. This aberrant kinase signaling activates many target proteins, such
as the PI3K, AKT, JNK, and SRC family kinases, as well as transcription factors such as
STATs, nuclear factor-«B, and MYC [26-28].

m-BCR M-BCR p-BCR
Coiled coil domain
(cc) Ser/Thr kinase 1 Rho/GEF l lPH Rac-GAP
| —

v @R~ - e

SH3 SH2 SH1 (TK domain) NLS DNA binding Actin binding
I LI |

LI 1

ATP binding site
(Y412)

C. BCR/ABLp210 PROTEIN

Coiled coil domain
Ser/Thr kinase Rho/GEF SH3 SH2 SH1(TK domain) NLS DNA binding Actin binding

(cc)
———

BCR ABL

ATP binding site
(Y412)

Figure 3. BCR/ABL protein domains. Protein regions located in the BCR (A) and ABL (B) proteins, and those maintained in
the fusion (C). The figure highlights the coiled-coil (CC) domain of BCR, which allows the dimerization of the oncoprotein,
and the three SRC domains of ABL1, including the tyrosine kinase domain (SH1) and the regulatory domains (SH2 and SH3).

The constitutively active signaling causes cell reprogramming and expansion of the
LSC clone. As a result, BCR/ABL1-positive hematopoietic stem cells exhibit uncontrolled
proliferation [29], lack of response to apoptotic signals [30], alterations in cell adhesion [31],
impaired differentiation [32], and independence of growth factors [33]. As a consequence,
a myeloid differentiation bias is commonly observed in the chronic phase of CML.

3. Conventional Therapies for Chronic Myeloid Leukemia

The history of CML treatment can be considered one of the great milestones of modern
cancer medicine. From its discovery until the 1980s, the standard treatment for CML
consisted of conventional chemotherapy. Arsenic was the first treatment to be adminis-
tered in the 19th century, but was superseded by alkylating drugs such as busulfan and
hydroxyurea in the 1960s [34,35]. Unfortunately, they did not delay the onset of disease
progression and facilitated only a modest improvement in survival. The introduction of
interferon-« in the 1970s induced complete cytogenetic remission in 10-15% of patients,
and increased median survival to 6 years [36]. However, interferon-o treatment has serious
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side-effects, and treatment had to be discontinued in most patients, causing them to relapse.
In this context, allogenic stem cell transplantation (SCT) was the only therapeutic option
that could provide increased long-term survival, and so it became the first-line treatment
in the 1990s for patients in the chronic phase [37-39]. Even today, this therapeutic option is
the only one with the potential to definitively cure CML patients in this phase. The SCT
procedure involves bone marrow ablation (by chemotherapy or radiotherapy) followed
by the infusion of normal allogenic stem cells. However, it is only available to a small
number of patients who have an HLA-matched donor, and is associated with a signifi-
cant transplant-related mortality rate [39]. Nowadays, SCT is used solely as a last-resort
salvage option.

As mentioned above, CML is a type of cancer in which all the pathological features
can be attributed to a single genetic event, in this case the BCR/ABL1 fusion. Knowing that
the tyrosine kinase activity of BCR/ABLI is essential for the malignant transformation of
cells, the search for compounds that inhibit this activity became imperative. During the
1990s, various tyrosine kinase inhibitors (TKIs) were tested to evaluate their therapeutic
potential in CML [40,41]. The mechanism of action of these compounds is based on
competition with adenosine triphosphate (ATP) or the protein substrate of the kinase,
whereby BCR/ABL1 activity is inhibited at the protein level. Finally, in the 2000s, the
Novartis compound STI571 (later known as imatinib mesylate), which showed surprising
results by selectively inhibiting BCR/ABL1 at micromolar concentrations, was approved
as therapy for CML [42,43]. The arrival of TKIs marked a watershed in the treatment of
CML and they remain the frontline therapy for CML. Thanks to TKIs, CP-CML patients,
who, before 2001, had a survival rate of 20% at 8 years, now have a rate of 87%, and
a life expectancy like those of healthy people of the same age [10,11,17]. Despite the
success achieved with TKI-based treatments, there are still obstacles to overcome. The main
concern is that TKI drugs do not tackle the etiological cause of CML and the oncogenic
event remains uncorrected /unedited. The existence of residual BCR/ABL-positive cells,
which remain “oncogenic-quiescent”, has been demonstrated, indicating that TKIs do
not completely eliminate the LSCs [12]. TKIs efficiently silence the oncogenic activity of
BCR/ABL while the drug is present, but the remaining LSCs can lead to relapse after TKI
therapy ceases, as shown in Figure 4.
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Figure 4. Conventional therapies vs. gene therapy for chronic myeloid leukemia (CML). Tyrosine-
kinase inhibitor (TKI)-based conventional therapies are effective at silencing BCR/ABL1 in leukemic
stem cells (LSCs). Treatment cessation can lead to relapse because of the existence of residual
BCR/ABL1-positive cells. The appearance of TKI-resistant LSCs during treatment can lead to a relapse
of the disease. However, anti-BCR/ABL1 gene therapy would eliminate the oncogene at the genome
level. Corrected LSCs would be able to repopulate the bone marrow niche and thereby enable
normal hematopoiesis.
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In this scenario, lifelong oral medication is necessary, and treatment discontinua-
tion is only an option in those patients who were able to achieve and maintain strong
molecular responses. Lifelong administration facilitates adverse effects in many patients
and a significant percentage of them eventually become resistant to TKI treatment [44].
The identification of various forms of resistance has led to the development of second-
and third-generation TKIs that are effective against kinase-specific mutations in these
patients [45]. Taking this therapeutic scenario into account, it is still necessary to seek new
and definitive alternative therapies. Currently, any coding sequence can be abolished by
CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 nucleases [46—48]
or zinc finger nuclease [49], which means there is an opportunity of a definitive cure avail-
able to TKI-resistant CML patients. Thus, CRISPR/Cas9 system could be a definitive
therapeutic option.

4. Genome-Editing Nucleases for Gene Therapy

Advances in molecular biology and genetics in recent years have broadened our
knowledge of genetically based diseases, and very many genes involved in their devel-
opment have been identified. These same advances have made it possible to develop the
genome-editing technology with which these candidate genes can be genetically manip-
ulated. With the advent of engineered chimeric proteins with nuclease activity, such as
zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS),
genome manipulation has become more feasible than ever [50,51]. These new approaches
overcome the difficulties associated with previous genome-editing techniques based on ho-
mologous recombination (HR), such as low efficiency, and laborious and time-consuming
assays [52]. The mechanism of action of genome-editing nucleases is based on the genera-
tion of double-strand breaks (DSBs) in the DNA that stimulate the endogenous cellular
DNA repair mechanisms: non-homologous end-joining (NHE]) and homology-directed
repair (HDR). NHE] results in the introduction of random insertion or deletion (indel)
mutations that, in a coding sequence, most frequently lead to frameshift mutations that
generate null alleles. The HDR pathway exploits the phenomenon of homologous re-
combination specifically to introduce an exogenous donor DNA template in the DSB site,
allowing mutated sequences to be replaced or edited [53], as shown in Figure 5.

Double-Strand Break (DSB)

NHEJ HDR
Ku 70/80 Strand invasion
DNA-PKcs RPA, RAD51
Artemis BRCA2
— om0 T

DNA ligase V'
XRCC4

Random Insertions/Deletions Homology-directed repair
Gene silencing Gene correction/replacement

Figure 5. The non-homologous end-joining (NHE]) mechanism involves the action of the proteins
ku70/80, DNA-PKcs, and Artemis, with the ability to bind to the free DNA ends that are generated.
The resected DNA ends are joined by the action of ligase IV with the insertion of a variable number of
nucleotides (indels) that, in most cases, lead to the generation of null alleles. The homology-directed
repair (HDR) pathway begins with the resection of the released DNA ends. The RPA, Rad51, and
BRCAZ2 proteins act by binding and protecting the ssDNA that is generated. Through homologous
recombination, the HDR pathway allows the introduction of DNA templates from exogenous donors
at the double-strand break (DSB) site, replacing the target genomic sequence.
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ZFN and TALEN have been widely used for decades, but the proteinaceous nature
of their structure leads to serious technical drawbacks, such as the complexity of design
and high costs [54]. Fortunately, the recent development of the CRISPR/Cas9 system
in the genome-editing field has revolutionized this methodology. The simplicity of this
system offers a powerful, effective, low-cost, and universal tool heralding a new era for
gene therapy.

5. Overview of the CRISPR/Cas9 System

Most of archaea and almost 50% of bacteria have an adaptive immune system to
defend them against phage infection. This system is defined by a genomic locus with a
series of short palindromic repeats separated by unique “spacers”, preceded by an AT-rich
“leader” sequence and forming a cluster [55]. Francisco Mojica was the first researcher in
1993 to describe this matrix of tandem-repeated sequences working on the archaea Haloferax
mediterranei [56]. Previously, a similar structure was described in Escherichia coli and he also
spotted a connection with eubacteria [57]. Mojica coined the acronym of CRISPR (clustered
regularly interspaced short palindromic repeats) in accordance with Ruud Jansen, who first
used the term in print in 2002 [58]. Three years later, it was reported that these unknown
spacer sequences had a high percentage of similarity with sequences found in various types
of bacteriophages and plasmids and it may represent a immunological memory [59-61].

In 2007, Barrangou et al. demonstrated that the CRISPR system was a rudimentary
prokaryotic immune system that protects prokaryotes against foreign DNA infections [62].
They also studied the role of the CRISPR-associated proteins (Cas) Cas7 and Cas9, suggest-
ing that Cas7 was involved in generating new spacers and repeats and Cas9 in breaking
the DNA [63]. Later it was showed that the different spacers are interspersed with tandem
sequences and they are expressed as small guide CRISPR RNAs (crRNAs). These crRNAs
were responsible for CRISPR-based resistance and they can be transferred from a resistant
to a naive strain, inducing resistance in the second. crRNAs drive the Cas9 protein to
cleave the invader genome, and this find opened the door to direct the destruction of a
DNA sequence like a restriction enzyme but in a specifically addressable manner [64—67].
Importantly, the only requirement for Cas9 nuclease activity was the existence of a small
PAM motif (protospacer adjacent motif) at the 3’ end of the target sequence [68-70]. A
single precise blunt-end cleavage event three nucleotides upstream of the PAM sequence
was the consequence of the Cas9 nuclease activity.

The transactivating CRISPR RNA (tractRNA) completed the puzzle to clarify the
nature of Cas9 activity [71]. The tracrRNA is a scaffold that partially hybridizes with the
crRNA and the Cas9 endonuclease, allowing all the components to be assembled [48], as
shown in Figure 6.

To further simplify the system, Charpentier and Doudna showed that the two RNAs
could function in vitro when fused into a single-guide RNA (sgRNA). Like Siksnys [72],
they showed that Cas9 could cut purified DNA in vitro and it could be programmed with
custom-designed sgRNAs [48].
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in prokaryotes. After the first viral infection, the Cas complex excises the viral DNA, then introduces it into the bacterial

genome. When the second viral infection occurs, a complementary RNA (crRNA) to that of the viral genome is used to

guide the Cas9 nuclease to degrade the viral DNA.

These discoveries and the demonstration of their in vitro activity opened the door to
using this system as a genome-editing nuclease [73]. However, the question that remained
to be addressed was whether the CRISPR system would also work in mammalian cells.
By mid-2012, Feng Zhang designed a robust three-component system consisting of Cas9
(orthologs from Streptococcus thermophilus or S. pyogenes), tractRNA, and a CRISPR array
for targeting 16 sites in the human and mouse genomes. Zhang answered the question and
he showed that it was possible to mutate one or several genes at the same time, inducing
indels by NHE]. Besides, the CRSPR system could insert new sequences at the target
site via HR when a repair template was added [74,75]. Its simplicity, effectiveness, and
universality mean that the CRISPR/Cas9 system has rapidly become the preferred tool for
RNA-guided genome editing. In fact, it has been widely applied for gene modification
in several model systems [76-80]. In 2006, the emergence of the “base editing” era, a
new approach that enables the direct, irreversible conversion of one target DNA base into
another in a programmable manner, without requiring DSBs or donor templates, was
developed from David Liu’s lab. An engineered fusion of CRISPR/Cas9 with the cytidine
deaminase enzyme has the ability to mediate the direct conversion of cytidine to uridine,
thereby effecting a C — T (or G — A) substitution [81]. The door to correct a variety of
point mutations relevant to human disease began to open. However, it was reported that
these DNA base editors can cause substantial off-target editing in both genomic DNA and
RNA, and thus further studies will be performed to improve the selectivity of DNA base
editors [82].

Despite system deficiencies that still need to be improved, it is likely that the CRISPR/Cas9
systems will be incorporated into the therapeutic strategy for the treatment of monogeni-
cally inherited disorders and malignancies whose pathological features can be attributed
to a single genetic event, such as gene fusion [83,84].

6. New CRISPR-Cas Systems and Approaches

However, Zhang’s scientific contributions did not stop there and continued (and
continue today) to revolutionize the field of gene editing. In 2015, Zhang's team reported a
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novel and more accurate CRISPR system from Acidaminococcus and Lachnospiraceae, with
efficient genome-editing activity in human cells, the Cas12a (Cpfl) [85]. The Cpfl coding
sequence is smaller than Cas9, it requires only one RNA (tracrRNA-independent), and
generates sticky-end DSBs that are less prone to non-homologous end joining (NHE]), being
ideal for precise gene editing. Given these advantages, the Cpfl system is more feasible to
in vivo deliver and it could become a better gene-editing tool than Cas9 [86,87]. A peculiar
property of Cas12a was that it completely degraded single strand DNA molecules after
its activation. By combining Cas12a ssDNase activation with isothermal amplification,
Doudna’s team created a method named DETECTR (DNA endonuclease-targeted CRISPR
trans reporter), which achieves attomolar sensitivity for DNA detection, showing its ability
to detect human papilloma virus in patient samples in a rapid and specific manner [88].

In 2017, Zhang and colleagues again astonished the scientific community, reporting
a novel CRISPR system to target and edit RNA, the class 2 type VI CRISPR-Cas effector
Casl13a [89,90]. The nuclease activity of this protein allows gene knockdown without
genomic alteration. However, Cas13a cleaves all the RNAs around after it becomes enzy-
matically active following the first single strand RNA break. Far from being a disadvantage,
this promiscuous feature was used for DNA or RNA detection in diagnostics [91]. Specific
high-sensitivity enzymatic reporter unlocking (SHERLOCK) was the first platform based
on CRISPR-Cas13 systems for rapid and specific detection of viruses or mutations in patient
liquid biopsy samples [92].

7. CRISPR Gene Therapy in CML

In the last five years, the number of scientific papers reporting work on CRISPR/Cas9
in the context of leukemia research has increased enormously [84,93-96]. Many of them
concern in vitro studies to clarify the role of a variety of genes in leukemia development [97].
These studies identify key genes that will subsequently be edited in leukemic cells using
CRISPR/Cas9 technology.

In 2015, Valletta et al. demonstrated for the first time that the CRISPR/Cas9 system
could correct acquired mutations in a human myeloid leukemia cell line [98]. CRISPR-Cas9
was then successfully used in animal models of genetic diseases. Finally, the first clinical
trials involving CRISPR-Cas9 in humans were initiated in 2016 [99].

Focusing on hematopoietic stem cells (HSCs), the first clinical trial to treat thalassemia
(NCTO03655678) using CRISPR-Cas9-modified HSCs was approved in 2018 [100]. In this
sense, CML could also be one of the best candidates with which to evaluate the thera-
peutic potential of the CRIPSR/Cas9 system. CML is an HSC malignancy directed by a
single oncogene. The singularities of HSCs, which sustain the long-term generation of
all hematopoietic lineages, make CML an ideal candidate for gene therapy. The special
characteristics of self-renewing and multipotent HSCs imply that gene editing or ablation
by CRISPR will be inherited by all daughter cells, restoring a new hematopoiesis. Fur-
thermore, the peculiarities of the hematopoietic compartment, which make possible the
collection and subsequent reinfusion of HSCs, enable the development of ex vivo therapies,
and thereby the evaluation and selection of the edited HSCs, improving the safety and
efficiency of the process.

Imatinib therapy is based on the knowledge that the BCR/ABL1 fusion is the under-
lying cause of CML pathogenesis. For this reason, it is reasonable to surmise that the
CRISPR/Cas9-induced gene interruption of BCR/ABL1 might offer a definitive cure. Sev-
eral studies have been recently performed to study the ability to disrupt the BCR/ABL1
oncogene, showing the CRISPR-Cas9 system as a therapy tool ready to reach clinical trials
in the near future, as shown in Table 1.

The development of immunodeficient mice for human HSC engrafting [101] and of
mouse models that mimic human CML [102] has provided new opportunities to evaluate
these CRISPR/Cas9 therapeutic applications. Recently, several in vitro and in vivo studies
have explored the ability of CRISPR/Cas9 to destroy the BCR/ABLI gene fusion. In 2017,
Garcia-Tufién and coworkers demonstrated for the first time that the CRISPR/Cas9 system
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effectively abrogates the BCR/ABL1 oncogene, reversing its tumorigenic activity [96]. They
showed in a CML xenograft animal model how edited CRISPR cells lost their ability to
proliferate and survive, and that no tumors developed when the edited cell was selected.
Their results constituted the proof-of-principle that BCR/ABLI abrogation by the CRISPR
system results in the loss of tumorigenicity.

Table 1. Therapeutic strategies to disrupt the BCR/ABL1 oncogene in CML by genome-editing nucleases.

Target

Cell Type Genome Editing System Outcomes Reference

Subcutaneous injection of edited
single cell derived clones was

Fusion sequence Boff p210 (mouse) CRISPR/Cas9 unable to generate tumors in a CML [96]
xenograft model.
Intravenous tail vein injection into
K562 (human) and N eowed s lowet tamorgenie
BCR exon 1 patient derived CD34+ ZFNs N & . [95]
cells capacity in vivo. Lower proliferative
capacity in vitro was observed in
edited primary cells.
Similar results to those of their
K562 (human) and CRISPR RNA-guided FokI previous work.. High eff1c1e.3ncy and
ABL1 exon 2 patient derived CD34+ greater security by reducing the [94]
nucleases (RFNs)
cells frequency of off-targets, compared
with CRISPR/Cas9 system.
K562 (human) and V11jus—rr}ed1ated ABLl—targetling to
. edit luciferase-labeled K562 into a
peripheral blood systemic leukemia xenograft model
ABL1 exon 2 mononuclear cells CRISPR/Cas9 . . . . ’ [103]
Bioluminescence imaging showed a
(PBMCs) of CML g . -
; significant reduction of leukemic
patients cells in vivo.
Specific targeting of the BCR/ABL1
fusion sequence with a pair of
K562 (human) and guides directed towards intronic
Fusion sequence patient derived CD34+ CRISPR/Cas9 sequences of each of the genes [84]
cells involved in the fusion that will
cause a deletion in those cells that
carry the translocation.
Edited HSCs from CML mouse
model restored normal
Boffp210 (mouse), K562 hematopoiesis in NOD/SCID bone
(human), Lin- CML marrow niche. Edited
ABLL exon 6 mouse model and CRISPR/Cas9 patient-derived CD34+ are capable [104]
patient-derived CD34+ of regenerating normal

hematopoiesis in the bone marrow
niche of NOD/SCID mice.

In 2018, Wenli Feng’s group demonstrated that other genome-editing nucleases, like
ZFN nucleases, achieved the abrogation of the BCR/ABL1 oncogene [95]. Using a pair
of ZFNs targeting the exon 1 of BCR, a premature stop codon was created triggering a
truncated oncoprotein. The apoptotic rate was higher, and the proliferative capacity was
lower in the ZFN-edited cells. The same group published a subsequent study in which they
overcame the technical limitations linked to the use of the ZFNs [94]. The authors adopted
a new strategy based on CRISPR RNA-guided Fokl nucleases (RFNs) to target exon 2 of
ABL1. According to them, the combination of the universality of the CRISPR site design
and the specificity of the Fokl cleavage would provide an efficient and secure editing
tool that would avoid the limitations of previous systems, such as the labor-intensive
design of ZFNs and off-targets of CRISPR/Cas9. RFN-editing proved to be effective,
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achieving a reduction in the expression of BCR/ABLI and its downstream targets, in the
imatinib-sensitive and imatinib-resistant forms of K562. Edited cells showed a loss of their
malignant potential, reflected in a depressed proliferative and colony-forming capacity
in vitro. Furthermore, when these edited cells were transplanted by intravenous injection
into the tail vein of immunodeficient NOD/SCID animals, they showed an impaired
in vivo leukemogenic capacity.

Recently, new work focusing on the disruption of BCR/ABLI by genome-editing
nucleases as a therapeutic strategy in CML has revealed the therapeutic potential of the
CRISPR system. In 2020, Chia-Hwa Lee et al., using a CRISPR/Cas9 lentiviral vector to
disrupt ABL1 in the human CML K562 cell line, demonstrated a reduced proliferation rate
as a consequence of BCR/ABL1 disruption [103]. Ex vivo transduction of peripheral blood
mononuclear cells from CML patients was performed to evaluate the therapeutic potential
of this viral system in the clinical milieu. They observed a high rate of apoptosis in the
transduced cells and demonstrated that the disruption of the ABLI non-rearranged allele
did not trigger important consequences. The T-cell lineage was not affected by CRISPR
activity at this ABLI non-translocated locus.

A new approach based on the use of two guides to induce a large deletion and
selectively eliminate fusion oncogenes has been developed by Rodriguez-Perales and
coworkers [84]. Combinations of two sgRNAs targeting BCR intron 8 and ABL intron 1
regions were designed to induce a 133.9 kb deletion on BCR/ABL1 oncogene. This new
strategy induced a frameshift alteration of the entire ABL1 DNA-binding domain. For
any given sgRNA combination, electroporated K562 cells showed a significant decrease
(~85%) in clonogenic capacity in vitro and an increase in apoptosis. Importantly, they used
cord blood-derived human hematopoietic progenitor hCD34+ cells to study whether a
side effect was produced because of the CRISPR-Cas9 activity. In vitro analysis of targeted
CD34+ cells revealed no difference in proliferation in long-term culture, suggesting no
production of collateral cancer-driven genomic alterations. Besides, K562 transduced cells
with an adenoviral vector carrying all the CRISPR reagents were subcutaneously injected
into immunodeficient mice resulting in an 88% decrease in tumor size compared with
control tumors.

Finally, Vuelta et al. recently reported their design of a new CRISPR/Cas9 short-
deletion system that efficiently interrupts the BCR/ABL1 oncogene in murine and human
cell lines and, for the first time, in primary leukemic stem cells Scal+ from a CML mouse
model and CD34+ from human CML patients [104]. They demonstrated that CRISPR/Cas9-
edited LSCs had impaired tumorigenic activity and fully restored capacity for multipotency.
Further, they showed that the infusion of CRISPR/Cas9-edited LSCs confer a significant
therapeutic benefit on orthotopic patient-derived xenografts (PDXs) and on CML mouse
models. They revealed that CRISPR/Cas9 technology can easily be used to destroy driver
oncogenes like BCR/ABL1, providing proof-of-principle for gene therapy through genome-
editing nucleases.

8. Future Directions

With the advent of genome-editing nucleases and, especially, the CRISPR/Cas9 system,
the possibilities of modifying the genome of species have reached hitherto unimaginable
limits. In this context, gene therapy is one of the fields that has experienced a great impulse.
The possibility of definitively curing genetic diseases, by direct correction of the underlying
cause of the pathology, has ceased to be a future possibility and become a current reality.
However, certain limitations still hinder the use of gene therapy as part of routine medical
practice. Like other gene therapy approaches, the greatest limitation of in vivo CRISPR
therapy is the difficulty of finding an optimal and safe delivery method. On the other hand,
the preexisting adaptive immunity to Cas9 proteins in humans [105] could be considered
and new Cas proteins should be employed. The issue about CRISPR off-targets also needs
to be resolved [106]. The CRISPR-Cas9 system induces DSBs at target sites in genomic
DNA, but can also generate undesirable cleavages outside of on-target sites. Cleavage
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at off-target sites can trigger mutations which may result in the disruption of normal
genes. Efforts to discover new Cas variants with high fidelity and a protospacer adjacent
motif less restrictive than NGG sequence will offer soon a solution [107,108]. Finally,
despite the development of new and increasingly efficient methods, 100% editing efficiency
is unattainable. However, guaranteeing the absence of unedited cells is imperative in
hematopoietic malignancies that are clinically treated, such as the disruption of BCR/ABL1
in CML. A possible solution would involve the selection of the correctly edited cells, which
would entail the design of genome-editing approaches that simultaneously allow the
genetic correction and expression of a selectable cell marker.

In summary, the enormous therapeutic potential of the CRISPR/Cas tools have been
widely corroborated in numerous research papers and in clinical trials. There are technical
limitations associated with this technology, but the number of possible alternatives to
overcome them has increased at the same rate. We are certain that CRISPR/Cas gene
therapy will become a routine clinical practice in the near future.

Author Contributions: Conceptualization, E.V. and M.S.-M.; writing—original draft preparation,
E.V. and M.S.-M.; writing—review and editing, M.S.-M.; funding acquisition, I.G.-T. and M.S.-M.;
resources, E.V,, 1.G.-T.,, PH.-C., and L.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Instituto de Salud Carlos III (ISCIII), grant number
PI17/01895 (ISCHI-FEDER), and by the Fundacién Memoria de D. Samuel Solorzano Barroso (FS/29-
2020) from the University of Salamanca. E.V. is supported by a predoctoral grant from the University
of Salamanca-Banco Santander. PH.C. and L.M. are supported by Nucleus (platform for research
supporting) from the University of Salamanca.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the Bomberos Ayudan charity (https://bomberosayudan.org) for
supporting our CML research (Jabones solidarios para Daniel).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Quintas-Cardama, A.; Cortes, J. Chronic Myeloid Leukemia: Diagnosis and Treatment. In Mayo Clinic Proceedings; Elsevier:
Amsterdam, The Netherlands, 2006; Volume 81, pp. 973-988. [CrossRef]

2. Mendizabal, A.M.; Garcia-Gonzalez, P.; Levine, P.H. Regional variations in age at diagnosis and overall survival among patients
with chronic myeloid leukemia from low and middle income countries. Cancer Epidemiol. 2013, 37, 247-254. [CrossRef] [PubMed]

3. Petzer, A,; Eaves, C.; Lansdorp, P; Ponchio, L.; Barnett, M.; Eaves, A. Characterization of primitive subpopulations of normal and
leukemic cells present in the blood of patients with newly diagnosed as well as established chronic myeloid leukemia. Blood 1996,
88, 2162-2171. [CrossRef] [PubMed]

4. Melo, J.V,; Barnes, D.J. Chronic Myeloid Leukemia: Biology of Advanced Phase. In Myeloproliferative Disorders; Springer:
Berlin/Heidelberg, Germany, 2007; pp. 37-58. [CrossRef]

5. Kantarjian, H.M.; Keating, M.].; Talpaz, M.; Walters, R.S.; Smith, T.L.; Cork, A.; McCredie, K.B.; Freireich, E.J. Chronic myelogenous
leukemia in blast crisis. Am. J. Med. 1987, 83, 445-454. [CrossRef]

6. Ilaria, R.L. Pathobiology of Lymphoid and Myeloid Blast Crisis and Management Issues. Hematol. Am. Soc. Hematol. Educ.
Program 2005, 2005, 188-194. [CrossRef] [PubMed]

7. Nowell, P. A minute chromosome in human chronic granulocytic leukemia. Science 1960, 132, 1497-1499.

8.  Kantarjian, H.; O’Brien, S.; Jabbour, E.; Garcia-Manero, G.; Quintas-Cardama, A.; Shan, ]J.; Rios, M.B.; Ravandi, F,; Faderl, S.;
Kadia, T.; et al. Improved survival in chronic myeloid leukemia since the introduction of imatinib therapy: A single-institution
historical experience. Blood 2012, 119, 1981-1987. [CrossRef]

9.  Chereda, B.; Melo, J.V. Natural course and biology of CML. Ann. Hematol. 2015, 94 (Suppl. 2), S107-5121. [CrossRef]

10. Bower, H.; Bjorkholm, M.; Dickman, PW.; Hoglund, M.; Lambert, P.C.; Andersson, T.M.-L. Life Expectancy of Patients with

Chronic Myeloid Leukemia Approaches the Life Expectancy of the General Population. J. Clin. Oncol. 2016, 34, 2851-2857.
[CrossRef]


https://bomberosayudan.org
http://doi.org/10.4065/81.7.973
http://doi.org/10.1016/j.canep.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23411044
http://doi.org/10.1182/blood.V88.6.2162.bloodjournal8862162
http://www.ncbi.nlm.nih.gov/pubmed/8822936
http://doi.org/10.1007/978-3-540-34506-0_3
http://doi.org/10.1016/0002-9343(87)90754-6
http://doi.org/10.1182/asheducation-2005.1.188
http://www.ncbi.nlm.nih.gov/pubmed/16304379
http://doi.org/10.1182/blood-2011-08-358135
http://doi.org/10.1007/s00277-015-2325-z
http://doi.org/10.1200/JCO.2015.66.2866

Biology 2021, 10, 118 13 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Deininger, M.; O’Brien, S.G.; Guilhot, F; Goldman, D.J].M.; Hochhaus, A.; Hughes, T.P; Radich, J.P.; Hatfield, A.K.; Mone, M.;
Filian, J.; et al. International Randomized Study of Interferon Vs STI571 (IRIS) 8-Year Follow up: Sustained Survival and Low Risk
for Progression or Events in Patients with Newly Diagnosed Chronic Myeloid Leukemia in Chronic Phase (CML-CP) Treated
with Imatinib. Blood 2009, 114, 1126. [CrossRef]

Graham, S.M.; Jergensen, H.G.; Allan, E.; Pearson, C.; Alcorn, M.J.; Richmond, L.; Holyoake, T.L. Primitive, quiescent,
Philadelphia-positive stem cells from patients with chronic myeloid leukemia are insensitive to STI571 in vitro. Blood 2002, 99,
319-325. [CrossRef]

Rowley, ].D. A New Consistent Chromosomal Abnormality in Chronic Myelogenous Leukaemia identified by Quinacrine
Fluorescence and Giemsa Staining. Nat. Cell Biol. 1973, 243, 290-293. [CrossRef] [PubMed]

Ben-Neriah, Y.; Daley, G.Q.; Mes-Masson, A.M.; Witte, O.N.; Baltimore, D. The chronic myelogenous leukemia-specific P210
protein is the product of the ber/abl hybrid gene. Science 1986, 233, 212-214. [CrossRef] [PubMed]

Score, J.; Calasanz, M.].; Ottman, O.; Pane, E; Yeh, R.E; A Sobrinho-Simées, M.; Kreil, S.; Ward, D.; Hidalgo-Curtis, C.; Melo, J.V,;
et al. Analysis of genomic breakpoints in p190 and p210 BCR-ABL indicate distinct mechanisms of formation. Leukemia 2010, 24,
1742-1750. [CrossRef] [PubMed]

Groffen, J.; Stephenson, J.R.; Heisterkamp, N.; De Klein, A_; Bartram, C.R.; Grosveld, G. Philadelphia chromosomal breakpoints
are clustered within a limited region, bcr, on chromosome 22. Cell 1984, 36, 93-99. [CrossRef]

Verstovsek, S.; Lin, H.; Kantarjian, H.; Saglio, G.; De Micheli, D.; Pane, F; Garcia-Manero, G.; Intrieri, M.; Rotoli, B.; Salvatore, F.;
et al. Neutrophilic-chronic myeloid leukemia: Low levels of p230 BCR/ABL mRNA and undetectable p230 BCR/ABL protein
may predict an indolent course. Cancer 2002, 94, 2416-2425. [CrossRef] [PubMed]

Lugo, T.G.; Pendergast, A.M.; Muller, A.].; Witte, O.N. Tyrosine kinase activity and transformation potency of bcr-abl oncogene
products. Science 1990, 247, 1079-1082. [CrossRef] [PubMed]

Kabarowski, ].H.; Witte, O.N. Consequences of BCR-ABL Expression within the Hematopoietic Stem Cell in Chronic Myeloid
Leukemia. Stem Cells 2000, 18, 399-408. [CrossRef]

Zhou, H.; Xu, R. Leukemia stem cells: The root of chronic myeloid leukemia. Protein Cell 2015, 6, 403—412. [CrossRef] [PubMed]
Janossy, G.; Roberts, M.; Greaves, M. Target Cell in Chronic Myeloid Leukeemia and Its Relationship to Acute Lymphoid
Leukeemia. Lancet 1976, 308, 1058-1061. [CrossRef]

Cohen, G.B.; Ren, R.; Baltimore, D. Modular binding domains in signal transduction proteins. Cell 1995, 80, 237-248. [CrossRef]
Mayer, B.J.; Baltimore, D. Mutagenic analysis of the roles of SH2 and SH3 domains in regulation of the AbI tyrosine kinase. Mol.
Cell. Biol. 1994, 14, 2883-2894. [CrossRef] [PubMed]

McWhirter, J.R.; Galasso, D.L.; Wang, J.Y. A coiled-coil oligomerization domain of Bcr is essential for the transforming function of
Bcr-Abl oncoproteins. Mol. Cell. Biol. 1993, 13, 7587-7595. [CrossRef] [PubMed]

Ma, G.; Lu, D.; Wu, Y;; Liu, J.; Arlinghaus, R.B. Bcr phosphorylated on tyrosine 177 binds Grb2. Oncogene 1997, 14, 2367-2372.
[CrossRef]

Steelman, L.S.; A Franklin, R.; Abrams, S.L.; Chappell, W.; Kempf, C.R.; Basecke, J.; Stivala, E; Donia, M.; Fagone, P; Nicoletti, F,;
et al. Roles of the Ras/Raf/MEK/ERK pathway in leukemia therapy. Leukemia 2011, 25, 1080-1094. [CrossRef]

Walker, S.R.; Frank, D.A. STAT Signaling in the Pathogenesis and Treatment of Cancer. In Signaling Pathways in Cancer Pathogenesis
and Therapy; Springer: New York, NY, USA, 2012; pp. 95-108. [CrossRef]

Martelli, A.M.; Evangelisti, C.; Chappell, W.; Abrams, S.L.; Basecke, J.; Stivala, F.; Donia, M.; Fagone, P.; Nicoletti, F.; Libra,
M.; et al. Targeting the translational apparatus to improve leukemia therapy: Roles of the PI3K/PTEN/Akt/mTOR pathway.
Leukemia 2011, 25, 1064-1079. [CrossRef]

Puil, L.; Liu, J.; Gish, G.; Mbamalu, G.; Bowtell, D.; Pelicci, P.; Arlinghaus, R.; Pawson, T. Bcr-Abl oncoproteins bind directly to
activators of the Ras signalling pathway. EMBO ]. 1994, 13, 764-773. [CrossRef]

Bedi, A.; Zehnbauer, B.; Barber, J.; Sharkis, S.; Jones, R. Inhibition of apoptosis by BCR-ABL in chronic myeloid leukemia. Blood
1994, 83, 2038-2044. [CrossRef] [PubMed]

Gordon, M.Y,; Dowding, C.R;; Riley, G.; Goldman, ].M.; Greaves, M.F. Altered adhesive interactions with marrow stroma of
haematopoietic progenitor cells in chronic myeloid leukaemia. Nat. Cell Biol. 1987, 328, 342-344. [CrossRef]

Clarkson, B.H.; Strife, A.; Wisniewski, D.; Lambek, C.; Liu, C. Chronic myelogenous leukemia as a paradigm of early cancer and
possible curative strategies. Leukemia 2003, 17, 1211-1262. [CrossRef]

Pendergast, A.M.; Quilliam, L.A; Cripe, L.D.; Bassing, C.H.; Dai, Z; Li, N.; Batzer, A.; Rabun, K.M.; Der, C.J.; Schlessinger, ].; et al.
BCR-ABL-induced oncogenesis is mediated by direct interaction with the SH2 domain of the GRB-2 adaptor protein. Cell 1993, 75,
175-185. [CrossRef]

Minot, G.R.; Buckman, T.E; Isaacs, R. Chronic myelogenous leukemia: Age incidence, duration, and benefit derived from
irradiation. J. Am. Med. Assoc. 1924, 82, 1489-1494. [CrossRef]

Rushing, D.; Goldman, A.; Gibbs, G.; Howe, R.; Kennedy, B.J. Hydroxyurea versus busulfan in the treatment of chronic
myelogenous leukemia. Am. |. Clin. Oncol. Cancer Clin. Trials 1982, 5, 307-314. [CrossRef] [PubMed]

Tura, S.; Baccarani, M. a-interferon in the treatment of chronic myeloid leukemia. Blood 1995, 85, 2999-3000. [CrossRef] [PubMed]
Liibking, A.; Dreimane, A.; Sandin, F; Isaksson, C.; Mérkeviarn, B.; Brune, M.; Ljungman, P.; Lenhoff, S.; Stenke, L.; Héglund, M.;
et al. Allogeneic stem cell transplantation for chronic myeloid leukemia in the TKI era: Population-based data from the Swedish
CML registry. Bone Marrow Transplant. 2019, 54, 1764-1774. [CrossRef] [PubMed]


http://doi.org/10.1182/blood.V114.22.1126.1126
http://doi.org/10.1182/blood.V99.1.319
http://doi.org/10.1038/243290a0
http://www.ncbi.nlm.nih.gov/pubmed/4126434
http://doi.org/10.1126/science.3460176
http://www.ncbi.nlm.nih.gov/pubmed/3460176
http://doi.org/10.1038/leu.2010.174
http://www.ncbi.nlm.nih.gov/pubmed/20703256
http://doi.org/10.1016/0092-8674(84)90077-1
http://doi.org/10.1002/cncr.10490
http://www.ncbi.nlm.nih.gov/pubmed/12015767
http://doi.org/10.1126/science.2408149
http://www.ncbi.nlm.nih.gov/pubmed/2408149
http://doi.org/10.1002/stem.180399
http://doi.org/10.1007/s13238-015-0143-7
http://www.ncbi.nlm.nih.gov/pubmed/25749979
http://doi.org/10.1016/S0140-6736(76)90970-3
http://doi.org/10.1016/0092-8674(95)90406-9
http://doi.org/10.1128/MCB.14.5.2883
http://www.ncbi.nlm.nih.gov/pubmed/8164650
http://doi.org/10.1128/MCB.13.12.7587
http://www.ncbi.nlm.nih.gov/pubmed/8246975
http://doi.org/10.1038/sj.onc.1201053
http://doi.org/10.1038/leu.2011.66
http://doi.org/10.1007/978-1-4614-1216-8_7
http://doi.org/10.1038/leu.2011.46
http://doi.org/10.1002/j.1460-2075.1994.tb06319.x
http://doi.org/10.1182/blood.V83.8.2038.2038
http://www.ncbi.nlm.nih.gov/pubmed/8161775
http://doi.org/10.1038/328342a0
http://doi.org/10.1038/sj.leu.2402912
http://doi.org/10.1016/S0092-8674(05)80094-7
http://doi.org/10.1001/jama.1924.02650450001001
http://doi.org/10.1097/00000421-198206000-00013
http://www.ncbi.nlm.nih.gov/pubmed/6952759
http://doi.org/10.1182/blood.V85.10.2999.bloodjournal85102999
http://www.ncbi.nlm.nih.gov/pubmed/7742563
http://doi.org/10.1038/s41409-019-0513-5
http://www.ncbi.nlm.nih.gov/pubmed/30962502

Biology 2021, 10, 118 14 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.
53.
54.
55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

Gale, R.P; Hehlmann, R.; Zhang, M.].; Hasford, J.; Goldman, ].M.; Heimpel, H.; Hochhaus, A.; Klein, J.P.; Kolb, H.J.; McGlave,
P.B.; et al. Survival with Bone Marrow Transplantation Versus Hydroxyurea or Interferon for Chronic Myelogenous Leukemia.
Blood 1998, 91, 1810-1819.

Van Rhee, F,; Szydlo, R.; Hermans, J.; Devergie, A.; Frassoni, F.; Arcese, W.; De Witte, T.; Kolb, H.; Niederwiser, D.; Jacobsen, N.;
et al. Long-term results after allogeneic bone marrow transplantation for chronic myelogenous leukemia in chronic phase: A
report from the Chronic Leukemia Working Party of the European Group for Blood and Marrow Transplantation. Bone Marrow
Transplant. 1997, 20, 553-560. [CrossRef] [PubMed]

Buchdunger, E.; Zimmermann, J.; Mett, H.; Meyer, T.; Miiller, M.; Druker, B.J.; Lydon, N.B. Inhibition of the Abl protein-tyrosine
kinase in vitro and in vivo by a 2-phenylaminopyrimidine derivative. Cancer Res. 1996, 56, 100-104.

Bhatia, R.; A Munthe, H.; Verfaillie, C. Tyrphostin AG957, a tyrosine kinase inhibitor with anti-BCR/ABL tyrosine kinase activity
restores 31 integrin-mediated adhesion and inhibitory signaling in chronic myelogenous leukemia hematopoietic progenitors.
Leukemia 1998, 12, 1708-1717. [CrossRef] [PubMed]

Capdeville, R;; Buchdunger, E.; Zimmermann, J.; Matter, A. Glivec (STI571, imatinib), a rationally developed, targeted anticancer
drug. Nat. Rev. Drug Discov. 2002, 1, 493-502. [CrossRef]

Druker, B.J.; Talpaz, M.; Resta, D.J.; Peng, B.; Buchdunger, E.; Ford, ] M.; Lydon, N.B.; Kantarjian, H.; Capdeville, R.; Ohno-Jones,
S.; et al. Efficacy and Safety of a Specific Inhibitor of the BCR-ABL Tyrosine Kinase in Chronic Myeloid Leukemia. N. Engl. ]. Med.
2001, 344, 1031-1037. [CrossRef] [PubMed]

Milojkovic, D.; Apperley, J. Mechanisms of Resistance to Imatinib and Second-Generation Tyrosine Inhibitors in Chronic Myeloid
Leukemia. Clin. Cancer Res. 2009, 15, 7519-7527. [CrossRef]

Jabbour, E.; Kantarjian, H.; Cortes, J. Use of Second- and Third-Generation Tyrosine Kinase Inhibitors in the Treatment of Chronic
Myeloid Leukemia: An Evolving Treatment Paradigm. Clin. Lymphoma Myeloma Leuk. 2015, 15, 323-334. [CrossRef]

Mojica, FEJ.M.; Montoliu, L. On the Origin of CRISPR-Cas Technology: From Prokaryotes to Mammals. Trends Microbiol. 2016, 24,
811-820. [CrossRef]

Wassef, M.; Luscan, A.; Battistella, A.; Le Corre, S.; Li, H.; Wallace, M.; Vidaud, M.; Margueron, R. Versatile and precise
gene-targeting strategies for functional studies in mammalian cell lines. Methods 2017, 121-122, 45-54. [CrossRef] [PubMed]
Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable Dual-RNA-Guided DNA
Endonuclease in Adaptive Bacterial Immunity. Science 2012, 337, 816-821. [CrossRef] [PubMed]

Carroll, D. Genome engineering with zinc-finger nucleases. Genetics 2011, 188, 773-782. [CrossRef] [PubMed]

Bibikova, M.; Golic, M.; Golic, K.G.; Carroll, D. Targeted chromosomal cleavage and mutagenesis in Drosophila using zinc-finger
nucleases. Genetics 2002, 161, 1169-1175. [PubMed]

Moscou, M.J.; Bogdanove, A.J. A Simple Cipher Governs DNA Recognition by TAL Effectors. Science 2009, 326, 1501. [CrossRef]
Capecchi, M.R. Altering the genome by homologous recombination. Science 1989, 244, 1288-1292. [CrossRef]

Rudin, N.; Sugarman, E.; Haber, J.E. Genetic and physical analysis of double-strand break repair and recombination in Sac-
charomyces cerevisiae. Genetics 1989, 122, 519-534. [CrossRef]

Gupta, RM.; Musunuru, K. Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9. |. Clin. Investig. 2014, 124,
4154-4161. [CrossRef] [PubMed]

Makarova, K.S.; Wolf, Y.I; Alkhnbashi, O.S.; Costa, F.; Shah, S.A.; Saunders, S.]J.; Barrangou, R.; Brouns, S.J.; Charpentier, E.; Haft,
D.H.; et al. An updated evolutionary classification of CRISPR—Cas systems. Nat. Rev. Genet. 2015, 13, 722-736. [CrossRef]
Mojica, FJ.; Juez, G.; Rodriguez-Valera, F. Transcription at different salinities of Haloferax mediterranei sequences adjacent to
partially modified Pstl sites. Mol. Microbiol. 1993, 9, 613-621. [CrossRef] [PubMed]

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

Jansen, R.; Van Embden, ].D.A.; Gaastra, W.; Schouls, L.M. Identification of genes that are associated with DNA repeats in
prokaryotes. Mol. Microbiol. 2002, 43, 1565-1575. [CrossRef] [PubMed]

Mojica, E].M.; Diez-Villasefior, C.; Garcia-Martinez, J.; Soria, E. Intervening Sequences of Regularly Spaced Prokaryotic Repeats
Derive from Foreign Genetic Elements. J. Mol. Evol. 2005, 60, 174-182. [CrossRef]

Pourcel, C.; Salvignol, G.; Vergnaud, G. CRISPR elements in Yersinia pestis acquire new repeats by preferential uptake of
bacteriophage DNA, and provide additional tools for evolutionary studies. Microbiology 2005, 151, 653—-663. [CrossRef]

Bolotin, A.; Quinquis, B.; Sorokin, A.; Dusko Ehrlich, S.D. Clustered regularly interspaced short palindrome repeats (CRISPRs)
have spacers of extrachromosomal origin. Microbiology 2005, 151, 2551-2561. [CrossRef]

Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR Provides
Acquired Resistance Against Viruses in Prokaryotes. Science 2007, 315, 1709-1712. [CrossRef] [PubMed]

Makarova, K.S.; Grishin, N.V.; A Shabalina, S.; I Wolf, Y.; Koonin, E.V. A putative RN A-interference-based immune system in
prokaryotes: Computational analysis of the predicted enzymatic machinery, functional analogies with eukaryotic RNAi, and
hypothetical mechanisms of action. Biol. Direct 2006, 1, 7. [CrossRef] [PubMed]

Brouns, S.J.].; Jore, M.M.; Lundgren, M.; Westra, E.R.; Slijkhuis, R.J.H.; Snijders, A.P.L.; Dickman, M.].; Makarova, K.S.; Koonin,
E.V.; Van Der Oost, J. Small CRISPR RNAs Guide Antiviral Defense in Prokaryotes. Science 2008, 321, 960-964. [CrossRef]


http://doi.org/10.1038/sj.bmt.1700933
http://www.ncbi.nlm.nih.gov/pubmed/9337056
http://doi.org/10.1038/sj.leu.2401193
http://www.ncbi.nlm.nih.gov/pubmed/9823945
http://doi.org/10.1038/nrd839
http://doi.org/10.1056/NEJM200104053441401
http://www.ncbi.nlm.nih.gov/pubmed/11287972
http://doi.org/10.1158/1078-0432.CCR-09-1068
http://doi.org/10.1016/j.clml.2015.03.006
http://doi.org/10.1016/j.tim.2016.06.005
http://doi.org/10.1016/j.ymeth.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28499832
http://doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://doi.org/10.1534/genetics.111.131433
http://www.ncbi.nlm.nih.gov/pubmed/21828278
http://www.ncbi.nlm.nih.gov/pubmed/12136019
http://doi.org/10.1126/science.1178817
http://doi.org/10.1126/science.2660260
http://doi.org/10.1093/genetics/122.3.519
http://doi.org/10.1172/JCI72992
http://www.ncbi.nlm.nih.gov/pubmed/25271723
http://doi.org/10.1038/nrmicro3569
http://doi.org/10.1111/j.1365-2958.1993.tb01721.x
http://www.ncbi.nlm.nih.gov/pubmed/8412707
http://doi.org/10.1128/JB.169.12.5429-5433.1987
http://www.ncbi.nlm.nih.gov/pubmed/3316184
http://doi.org/10.1046/j.1365-2958.2002.02839.x
http://www.ncbi.nlm.nih.gov/pubmed/11952905
http://doi.org/10.1007/s00239-004-0046-3
http://doi.org/10.1099/mic.0.27437-0
http://doi.org/10.1099/mic.0.28048-0
http://doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808
http://doi.org/10.1186/1745-6150-1-7
http://www.ncbi.nlm.nih.gov/pubmed/16545108
http://doi.org/10.1126/science.1159689

Biology 2021, 10, 118 15 of 16

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Marraffini, L.A.; Sontheimer, E.J. CRISPR Interference Limits Horizontal Gene Transfer in Staphylococci by Targeting DNA.
Science 2008, 322, 1843-1845. [CrossRef]

Sorek, R.; Kunin, V.; Hugenholtz, P. CRISPR—A widespread system that provides acquired resistance against phages in bacteria
and archaea. Nat. Rev. Microbiol. 2008, 6, 181-186. [CrossRef] [PubMed]

Sapranauskas, R.; Gasiunas, G.; Fremaux, C.; Barrangou, R.; Horvath, P; Siksnys, V. The Streptococcus thermophilus CRISPR/Cas
system provides immunity in Escherichia coli. Nucleic Acids Res. 2011, 39, 9275-9282. [CrossRef]

Garneau, J.E.; Dupuis, M.-E.; Villion, M.; Romero, D.A.; Barrangou, R.; Boyaval, P.; Fremaux, C.; Horvath, P.; Magadan, A.H.;
Moineau, S. The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid DNA. Nature 2010, 468, 67-71.
[CrossRef]

Horvath, P.; Romero, D.A.; Cotité-Monvoisin, A.-C.; Richards, M.; Deveau, H.; Moineau, S.; Boyaval, P.; Fremaux, C.; Barrangou,
R. Diversity, Activity, and Evolution of CRISPR Loci in Streptococcus thermophilus. J. Bacteriol. 2008, 190, 1401-1412. [CrossRef]
[PubMed]

Deveau, H.; Barrangou, R.; Garneau, J.E.; Labonté, ].; Fremaux, C.; Boyaval, P.; Romero, D.A.; Horvath, P.; Moineau, S. Phage
Response to CRISPR-Encoded Resistance in Streptococcus thermophilus. J. Bacteriol. 2008, 190, 1390-1400. [CrossRef]
Deltcheva, E.; Chylinski, K.; Sharma, C.M.; Gonzales, K.; Chao, Y.; Pirzada, Z.A.; Eckert, M.R; Vogel, ].; Charpentier, E. CRISPR
RNA maturation by trans-encoded small RNA and host factor RNase III. Nature 2011, 471, 602-607. [CrossRef] [PubMed]
Gasiunas, G.; Barrangou, R.; Horvath, P; Siksnys, V. Cas9-crRNA ribonucleoprotein complex mediates specific DNA cleavage for
adaptive immunity in bacteria. Proc. Natl. Acad. Sci. USA 2012, 109, E2579-E2586. [CrossRef] [PubMed]

Wright, A.V,; Nufiez, ].K.; Doudna, J.A. Biology and Applications of CRISPR Systems: Harnessing Nature’s Toolbox for Genome
Engineering. Cell 2016, 164, 29—44. [CrossRef]

Cong, L.; Ran, FA,; Cox, D,; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X; Jiang, W.; Marraffini, L.A.; et al. Multiplex Genome
Engineering Using CRISPR/Cas Systems. Science 2013, 339, 819-823. [CrossRef]

Mali, P;; Yang, L.; Esvelt, KM.; Aach, J.; Guell, M.; Dicarlo, J.E.; Norville, J.E.; Church, G.M. RNA-Guided Human Genome
Engineering via Cas9. Science 2013, 339, 823-826. [CrossRef]

Dickinson, D.J.; Goldstein, B. CRISPR-Based Methods for Caenorhabditis elegans Genome Engineering. Genetics 2016, 202,
885-901. [CrossRef]

Gratz, S.J.; Rubinstein, C.D.; Harrison, M.M.; Wildonger, J.; O’Connor-Giles, K.M. CRISPR-Cas9 Genome Editing in Drosophila.
Curr. Protoc. Mol. Biol. 2015, 111. [CrossRef]

Jiang, W.Z.; Yang, B.; Weeks, D.P. Efficient CRISPR/Cas9-Mediated Gene Editing in Arabidopsis thaliana and Inheritance of
Modified Genes in the T2 and T3 Generations. PLoS ONE 2014, 9, €99225. [CrossRef]

Ma, Y.; Zhang, X.; Shen, B.; Lu, Y.; Chen, W.; Ma, J.; Bai, L.; Huang, X.; Zhang, L. Generating rats with conditional alleles using
CRISPR/Cas9. Cell Res. 2014, 24, 122-125. [CrossRef] [PubMed]

Wang, H.; Yang, H.; Shivalila, C.S.; Dawlaty, M.M.; Cheng, A.W.; Zhang, F.; Jaenisch, R. One-Step Generation of Mice Carrying
Mutations in Multiple Genes by CRISPR/Cas-Mediated Genome Engineering. Cell 2013, 153, 910-918. [CrossRef]

Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420-424. [CrossRef] [PubMed]

Park, S.; Beal, P.A. Off-Target Editing by CRISPR-Guided DNA Base Editors. Biochemistry 2019, 58, 3727-3734. [CrossRef]
[PubMed]

Wu, S.-S.; Li, Q.-C.; Yin, C.-Q.; Xue, W.; Song, C.-Q. Advances in CRISPR/Cas-based Gene Therapy in Human Genetic Diseases.
Theranostics 2020, 10, 4374-4382. [CrossRef] [PubMed]

Martinez-Lage, M.; Torres-Ruiz, R.; Puig-Serra, P.; Moreno-Gaona, P.; Martin, M.C.; Moya, EJ.; Quintana-Bustamante, O.;
Garcia-Silva, S.; Carcaboso, A.M.; Petazzi, P; et al. In vivo CRISPR/Cas9 targeting of fusion oncogenes for selective elimination
of cancer cells. Nat. Commun. 2020, 11, 1-14. [CrossRef]

Zetsche, B.; Gootenberg, ].S.; Abudayyeh, O.O.; Slaymaker, .M.; Makarova, K.S.; Essletzbichler, P.; Volz, S.E.; Joung, J.; Van Der
Oost, J.; Regev, A.; et al. Cpfl Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System. Cell 2015, 163, 759-771.
[CrossRef] [PubMed]

Zetsche, B.; Heidenreich, M.; Mohanraju, P.; Fedorova, L.; Kneppers, J.; DeGennaro, E.M.; Winblad, N.; Choudhury, S.R.; O
Abudayyeh, EM.D.O.; Gootenberg, ].S.; et al. Multiplex gene editing by CRISPR-Cpf1 using a single crRNA array. Nat. Biotechnol.
2017, 35, 31-34. [CrossRef] [PubMed]

Dai, X.; Park, J.J.; Du, Y.; Kim, HR,; Wang, G.; Errami, Y.; Chen, S. One-step generation of modular CAR-T cells with AAV-Cpfl.
Nat. Methods 2019, 16, 247-254. [CrossRef]

Chen, ].S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, ].M.; Doudna, J.A. CRISPR-Cas12a target binding unleashes
indiscriminate single-stranded DNase activity. Science 2018, 360, 436-439. [CrossRef] [PubMed]

Cox, D.B.T.; Gootenberg, ].S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.].; Joung, J.; Zhang, F. RNA editing with CRISPR-Cas13.
Science 2017, 358, 1019-1027. [CrossRef]

Abudayyeh, O.O.; Gootenberg, ].S.; Essletzbichler, P.; Han, S.; Joung, J.; Belanto, ].J.; Verdine, V.; Cox, D.B.T.; Kellner, M.].; Regev,
A.; et al. RNA targeting with CRISPR—Cas13. Nature 2017, 550, 280-284. [CrossRef]

Gootenberg, ].S.; Abudayyeh, O.O.; Lee, ].W.; Essletzbichler, P.; Dy, A.].; Joung, ].; Verdine, V.; Donghia, N.; Daringer, N.M.; Freije,
C.A.; et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438—442. [CrossRef]


http://doi.org/10.1126/science.1165771
http://doi.org/10.1038/nrmicro1793
http://www.ncbi.nlm.nih.gov/pubmed/18157154
http://doi.org/10.1093/nar/gkr606
http://doi.org/10.1038/nature09523
http://doi.org/10.1128/JB.01415-07
http://www.ncbi.nlm.nih.gov/pubmed/18065539
http://doi.org/10.1128/JB.01412-07
http://doi.org/10.1038/nature09886
http://www.ncbi.nlm.nih.gov/pubmed/21455174
http://doi.org/10.1073/pnas.1208507109
http://www.ncbi.nlm.nih.gov/pubmed/22949671
http://doi.org/10.1016/j.cell.2015.12.035
http://doi.org/10.1126/science.1231143
http://doi.org/10.1126/science.1232033
http://doi.org/10.1534/genetics.115.182162
http://doi.org/10.1002/0471142727.mb3102s111
http://doi.org/10.1371/journal.pone.0099225
http://doi.org/10.1038/cr.2013.157
http://www.ncbi.nlm.nih.gov/pubmed/24296780
http://doi.org/10.1016/j.cell.2013.04.025
http://doi.org/10.1038/nature17946
http://www.ncbi.nlm.nih.gov/pubmed/27096365
http://doi.org/10.1021/acs.biochem.9b00573
http://www.ncbi.nlm.nih.gov/pubmed/31433621
http://doi.org/10.7150/thno.43360
http://www.ncbi.nlm.nih.gov/pubmed/32292501
http://doi.org/10.1038/s41467-020-18875-x
http://doi.org/10.1016/j.cell.2015.09.038
http://www.ncbi.nlm.nih.gov/pubmed/26422227
http://doi.org/10.1038/nbt.3737
http://www.ncbi.nlm.nih.gov/pubmed/27918548
http://doi.org/10.1038/s41592-019-0329-7
http://doi.org/10.1126/science.aar6245
http://www.ncbi.nlm.nih.gov/pubmed/29449511
http://doi.org/10.1126/science.aaq0180
http://doi.org/10.1038/nature24049
http://doi.org/10.1126/science.aam9321

Biology 2021, 10, 118 16 of 16

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Gootenberg, ].S.; Abudayyeh, O.0.; Kellner, M.].; Joung, J.; Collins, J.J.; Zhang, F. Multiplexed and portable nucleic acid detection
platform with Cas13, Cas12a, and Csm6. Science 2018, 360, 439-444. [CrossRef]

Garcia-Tunon, I.; Alonso-Perez, V.; Vuelta, E.; Perez-Ramos, S.; Herrero, M.; Méndez, L.; Sanchez, J.; Martin-Izquierdo, M.;
Saldafa, R.; Sevilla, J.; et al. Splice donor site sgRNAs enhance CRISPR/Cas9-mediated knockout efficiency. PLoS ONE 2019, 14,
€0216674. [CrossRef]

Luo, Z.; Gao, M.; Huang, N.; Wang, X.; Yang, Z.; Yang, H.; Huang, Z.; Feng, W. Efficient disruption of bcr-abl gene by CRISPR
RNA-guided FokI nucleases depresses the oncogenesis of chronic myeloid leukemia cells. J. Exp. Clin. Cancer Res. 2019, 38, 224.
[CrossRef]

Huang, N.; Huang, Z.; Gao, M.; Luo, Z.; Zhou, F; Liu, L.; Xiao, Q.; Wang, X.; Feng, W. Induction of apoptosis in imatinib sensitive
and resistant chronic myeloid leukemia cells by efficient disruption of bcr-abl oncogene with zinc finger nucleases. J. Exp. Clin.
Cancer Res. 2018, 37, 62. [CrossRef] [PubMed]

Garcia-Tufion, I.; Hernandez-Sanchez, M.; Ordonez, J.L.; Alonso-Pérez, V,; Alamo-Quijada, M.; Benito, R.; Guerrero, C.;
Hernandez-Rivas, ].M.; Sanchez-Martin, M.A. The CRISPR/Cas9 system efficiently reverts the tumorigenic ability of BCR/ABL
in vitro and in a xenograft model of chronic myeloid leukemia. Oncotarget 2017, 8, 26027-26040. [CrossRef]

Vukovic, M.; Guitart, A.V.; Sepulveda, C.; Villacreces, A.; O’Duibhir, E.; Panagopoulou, T.I; Ivens, A.; Menendez-Gonzalez,
J.; Iglesias, ].M.; Allen, L.; et al. Hif-1a and Hif-2« synergize to suppress AML development but are dispensable for disease
maintenance. J. Exp. Med. 2015, 212, 2223-2234. [CrossRef]

Valletta, S.; Dolatshad, H.; Bartenstein, M.; Yip, B.H.; Bello, E.; Gordon, S.; Yu, Y.; Shaw, J.; Roy, S.; Scifo, L.; et al. ASXL1 mutation
correction by CRISPR/Cas9 restores gene function in leukemia cells and increases survival in mouse xenografts. Oncotarget 2015,
6,44061-44071. [CrossRef]

Cyranoski, D. CRISPR gene-editing tested in a person for the first time. Nat. Cell Biol. 2016, 539, 479. [CrossRef]

A Safety and Efficacy Study Evaluating CTX001 in Subjects with Transfusion-Dependent 3-Thalassemia—Full Text View. Available
online: https://clinicaltrials.gov/ct2/show /results /NCT03655678?view=results (accessed on 15 January 2021).

Aryee, K.-E.; Shultz, L.D.; Brehm, M.A. Immunodeficient Mouse Model for Human Hematopoietic Stem Cell Engraftment and
Immune System Development. Methods Mol. Biol. 2014, 1185, 267-278. [CrossRef]

Peng, C.; Li, S. Chronic Myeloid Leukemia (CML) Mouse Model in Translational Research. Methods Mol. Biol. 2016, 1438, 225-243.
[CrossRef] [PubMed]

Chen, S.-H.; Hsieh, Y.-Y,; Tzeng, H.-E.; Lin, C.-Y; Hsu, K.-W,; Chiang, Y.-S.; Lin, S.-M.; Su, M.-].; Hsieh, W.-S.; Lee, C.-H. ABL
Genomic Editing Sufficiently Abolishes Oncogenesis of Human Chronic Myeloid Leukemia Cells In Vitro and In Vivo. Cancers
2020, 12, 1399. [CrossRef]

Vuelta, E.; Luis Ordoiiez, J.; Alonso-Pérez, V.; Méndez, L.; Hernandez-Carabias, P.; Saldafia, R.; Sevilla, J.; Sebastian, E.; Muntién,
S.; Sanchez-Guijo, E; et al. CRISPR/Cas9 technology abolishes the BCR/ABLI oncogene effect in chronic myeloid leukemia and
restores normal hematopoiesis. bioRxiv 2020. [CrossRef]

Charlesworth, C.T.; Deshpande, P.S.; Dever, D.P.; Camarena, J.; Lemgart, V.T.; Cromer, M.K.; Vakulskas, C.A.; Collingwood, M.A;
Zhang, L.; Bode, N.M,; et al. Identification of preexisting adaptive immunity to Cas9 proteins in humans. Nat. Med. 2019, 25,
249-254. [CrossRef] [PubMed]

Sternberg, S.H.; Lafrance, B.; Kaplan, M.; Doudna, ]J.A. Conformational control of DNA target cleavage by CRISPR—-Cas9. Nature
2015, 527, 110-113. [CrossRef] [PubMed]

Li, J.-J.; Hong, S.; Chen, W.; Zuo, E.; Yang, H. Advances in detecting and reducing off-target effects generated by CRISPR-mediated
genome editing. J. Genet. Genom. 2019, 46, 513-521. [CrossRef] [PubMed]

Hu, J.H.; Miller, S.M.; Geurts, M.H.; Tang, W.; Chen, L.; Sun, N.; Zeina, C.M.; Gao, X.; Rees, H.A.; Lin, Z; et al. Evolved Cas9
variants with broad PAM compatibility and high DNA specificity. Nature 2018, 556, 57—-63. [CrossRef] [PubMed]


http://doi.org/10.1126/science.aaq0179
http://doi.org/10.1371/journal.pone.0216674
http://doi.org/10.1186/s13046-019-1229-5
http://doi.org/10.1186/s13046-018-0732-4
http://www.ncbi.nlm.nih.gov/pubmed/29554925
http://doi.org/10.18632/oncotarget.15215
http://doi.org/10.1084/jem.20150452
http://doi.org/10.18632/oncotarget.6392
http://doi.org/10.1038/nature.2016.20988
https://clinicaltrials.gov/ct2/show/results/NCT03655678?view=results
http://doi.org/10.1007/978-1-4939-1133-2_18
http://doi.org/10.1007/978-1-4939-3661-8_13
http://www.ncbi.nlm.nih.gov/pubmed/27150093
http://doi.org/10.3390/cancers12061399
http://doi.org/10.1101/2020.08.05.237610
http://doi.org/10.1038/s41591-018-0326-x
http://www.ncbi.nlm.nih.gov/pubmed/30692695
http://doi.org/10.1038/nature15544
http://www.ncbi.nlm.nih.gov/pubmed/26524520
http://doi.org/10.1016/j.jgg.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31911131
http://doi.org/10.1038/nature26155
http://www.ncbi.nlm.nih.gov/pubmed/29512652

	Clinical Features of Chronic Myeloid Leukemia 
	Molecular Biology of Chronic Myeloid Leukemia 
	Conventional Therapies for Chronic Myeloid Leukemia 
	Genome-Editing Nucleases for Gene Therapy 
	Overview of the CRISPR/Cas9 System 
	New CRISPR-Cas Systems and Approaches 
	CRISPR Gene Therapy in CML 
	Future Directions 
	References

