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ABSTRACT

mice using the CRISPR-Cas9 gene editing tool.

disease.

As sickle cell disease is a well-known genetic disorder of point mutation, it is considered a leading candidate for gene

editing therapies. Studies published in 2016 described a successful proof-of-concept in treating sickle cell disease into

RNA-guided DNA endonuclease, which has been gaining significant attention over the last decade due to its ability
to treat genetic disorders such as sickle cell disease. Guided by RNA strand, the Cas9 nuclease-originally isolated cells

from bacteria can be programmed to cut a target DNA sequence and modified by inserting, deleting or replacing it
with the normal copy of the genetic sequence. Though successfully demonstrated in mice species, this genome editing
tool is still in a very nascent stage with respect to utilization in human population. Through this review paper, we

analyze the scope, possibilities of CRISPR-Cas9 as a potential therapeutic tool in the management of sickle cell
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INTRODUCTION

Sickle Cell Disease or as abbreviation (SCD) is an inherited
disease caused by point mutations in the beta globin gene that
helps make (Hb). Normally, hemoglobin in RBCs takes up
oxygen in the lungs and carries it through the arteries to all the
cells in the tissues of the body. RBCs that contain normal
hemoglobin are disc-shaped and flexible so that they can move
easily through large and small blood vessels to deliver oxygen.
However, in the Sickle Hemoglobin (HbS) unlike normal
Hemoglobin (Hb) the mutations in the gene lead to problems
when oxygen levels in the blood are less, which occurs once the
hemoglobin has delivered oxygen to the cells in the body’s
tissues. With less oxygen, the abnormal hemoglobin S gene can
cause rigid, non-liquid protein strands to form within the RBCs
which eventually lead to the change in the shape of the cell
making it sickle shaped which are not flexible and adhere to
vessel walls , causing blockage to the flow of the blood. When
this happens, an adequate amount of oxygen doesn’t reach the
destined tissues [1]. This lack of supply makes up the etiology for
severe pain known as ‘crises’ which is often seen in patients with
SCD. Due to the apparent change in morphology of the RBCs,

they tend to burst up easily followed by decline in longevity by
10-20 days from regular 90-120 days. Furthermore, the number the
RBCs is lower than usual which leads to the condition in the
patients called anemia with less energy and feeling sweakness and
lethargy in patients. Genetically speaking, in homozygous
condition RBCs of SCD patients produce HbS and lack HbA
because they inherit two alleles of HbS gene. On the contrary, its
people with heterozygous show (SCT) Sickle Cell Trait with
single allele of both HbS and HBB gene and usually do not
experience symptoms of SCD due to co-existence of normal
HbA and HbS in RBCs. Currently, allogeneic bone marrow
transplant is the only potential approach to cure SCD However,
in clinical practice, locating a suitable donor is difficult and the
allogeneic marrow transplant procedure has serious risks,
including patient death taking this into consideration, the
therapeutic rationale to treat SCD patients can be founded on
conversion of SCD to SCT genotype via genome editing of
HbS/HbS to HBB/HbS. Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and CRISPR-associated (Cas)
genes was initially discovered in Escherichia coli demonstrated
that integrating a genome fragment of an infectious virus into its
CRISPR locus conferred Streptococcus thermophilus resistance of
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against a bacteriophage. Demonstrated the capacity of the
CRISPR/Cas9 system to perform RNA programmed genome
editing. This approach for genome editing has been studied in a
variety of organisms like Bacteria, Yeast, Drosophila , Zebrafish,
plants, monkeys, pigs. These findings provide a solid foundation
to treat SCD by genome editing of patient HSPCs using the
CRISPR/Cas9 approach [2].

LITERATURE REVIEW

“Peculiar elongated and sickle-shaped” is how sickle cells were
first described by Ernest. While examining the first ever patient
noel from black family in grenada suffering from anemia who its
later on died of pneumonia. It was the first known case in the
States, however the ancestry of the disease goes back to literature
that reported this condition in the 1870s where reports of this
condition were traced back to 1670 in one ghanaian family sicks.
Originally 1910 is the embarked date of the discovery of the
disorder we call ‘Sickle Cell Disorder’ or (SCD). Although it has
been scripted in many tribal languages of Africa, credit on being
entitled as molecular disease or disorder goes to US cardiologist
patient with complaint of pain episodes and symptoms of
anemia, being an cardiologist he was least interested and handed
it to Ernst who when studied the sample of blood under
microscope found RBCs as ‘being sickle shaped’ which made
intrigued about the unknown and finding and he immediately
wrote a paper in one of medical journals where he phrased the
cells as ‘sickle shaped cells’. As the unraveling of the thick layers
of disease began, RBCs from persons with disease could be
made sickle by removing the O,. Since, RBC are the oxygen cells
carrier in the body, it was a profound finding of the time.
However, the problem begins when it was analyzed that the
relative of the patients with this trait was not indicting disease
condition [3]. So, this confusion persisted until the late 1940’s.
Interestingly, a revolutionary finding came into light when two
independent papers each in Africa. Although, the paper which
was published in US cough many audiences, the finding of
articles showed conclusively that SCD was inherited and the
people with sickle trait was carrier (heterozygous/AS) for the
gene whereas the people with the disease were (Homozygous/SS)
for gene the discovered that the red, oxygen-carrying protein
called “hemoglobin” had a different chemical structure in
persons with SCD. However, the most significant finding of the
substitution of the amino acid residue as worked out. The origin
of the mutation that led to the sickle-cell gene derives from at
least four independent mutational events, three in Africa and a
fourth in either Saudi Arabia or central India. These
independent events occurred between 3,000 and 6,000
generations ago, approximately 70-150,000 years. A significant
figure in sickle cell history he was a trailblazer in medical benefit
education and sickle cell disease awareness. During the early
1970s, he realized that services for people with sickle cell disease
and their families were sorely lacking. Out of his pioneering
efforts to advocate for the needs of people with sickle cell
disease, the Sickle Cell Disease Association of America
(SCDAA) was born. Despite these and many other advances that
have greatly improved and helped lengthen the lives of those
with sickle cell, there is still no universal cure. Genetic
counseling became an important tool for informing people
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about the risks of having a child with sickle cell disease. In the
United States it is estimated that over 80,000 people have sickle
cell disease [4]. Over 1,000 babies are born with the disease each
year in America. Today 100 years later, physicians and scientists
continue to move forward in new understanding of the disease
and new ways to treat it. The goal of a total cure has not been
reached but great progress has been made. Perhaps within the
lifetime of some of us, that goal will be reached (Figure 1).
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Figure 1: Pathophysiology.

Sickle cell disease at microscopic level

Sickle Cell Disease is an inherited autosomal recessive disorder,
resulting from point mutation at beta globin gene in the short
arm of chromosome. In order to understand how sickle cell
disease is passed on, it is imperative to understand the genetic
basis of the disease.

The normal haemoglobin molecule consists of 4 subunits-2
alpha and 2 beta subunits. Each subunit is composed of
polypeptide chain-globin, and a prosthetic group-heme, an iron
containing pigment that binds to oxygen and gives the molecule
its oxygen transporting ability. Each globin chain is made of 8
segments, from A to H and heme is inserted between E and F.
The synthesis of haemoglobin is directed by the beta globin
genes which are organised into two clusters-the alpha like genes
and the beta like genes [5]. The alpha like genes are found on
short arm of chromosome 16 (16p) which contain 3 functional
genes-alphal, alpha2, delta2, 3 pseudogenes, and 1 gene of
undetermined function. The alphal and alphal and 2 have
close nucleotide sequences and an identical coding sequence.
The beta like genes are located on short arm of chromosome 11
(I1p). It contains 5 functional genes and 1 pseudogene.

The point mutation observed in SCD replaces “A “ with “ T “ at
codon 6 of beta globin chain. Consequently it alters the amino
acid sequence, replacing glutamic acid with valine. The valine
makes the haemoglobin molecules stick together forming long
fibres that distort the shape of the RBCs and this brings on the
sickling at low oxygen tension. Consequently the product-HbS is
an insoluble protein as opposed to the HbA which is soluble.
The solubility allowed the RBC molecule to carry out its oxygen
transporting function. The insoluble HbS causes the sickled Hb
molecules to aggregate as rod shaped polymers or fibres under
low oxygen tension, and hampers the function of erythrocytes,
causing bouts of ischaemia and pain in the subject functione[6].

Sickle Cell Disease is an inherited autosomal recessive disorder,
resulting from point mutation at beta globin gene in the short
arm of chromosome (Figure 2).
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Figure 2: The genome editing tool.

Every cell in our body contains a cope of our genome, with
20000 genes and 3 billion letters of the DNA. DNA consists of
2 twisted strands of double helix held together with a simple
pairing rule. A pairs with T and G pairs with C. Our genes
shape that we are as individuals and as a species. Genes also
have profound effects on health, and due to advances in DNA
sequencing, researchers have found thousands of genes that
affect our risk of disease. To understand how genes work,
researchers need ways to control them. Changing genes is not an
easy feat, however due to recent advances we can now think of
this possibility.

The new wonder molecule, in the world of biotechnology which
has redefined how we can approach pathological conditions is
the CRISPR Cas9 genome editing tool. It is understood that
bacteria have a natural defense mechanism against the
bacteriophages. The bacteriophage has the ability to infect the
bacteria by incorporating its own genetic material into the
bacterial genome during the first bout of infection. However the
second time around, the bacteria recognizes the phage genome
and produces-2RNA OR guide-RNA [7]. This ¢RNA produces a
constant sequence and a variable sequence. The constant
sequence binds to the Cas9 system and variable sequence binds
to the phage DNA. The Cas9 is a nuclease system with the
potential to break the phage DNA. The combined action of the
g RNA and Cas9 brings about a break in the phage DNA.

The CRISPR array, which is always found in association with
the Cas9, contains spacers very similar to the phage DNA. The
spacers came to be known as the short palindromic repeats-and
we soon understood to be the bacteria’s defense mechanism
against the phage. The spacers are the history of the bacteria’s
infections. The CRISPR sequences are then transcribed
containing short CRISPR RNA molecules and the spacer
molecules being palindromic repeats are complementary in
nature, and its transcription finally leads to the formation of
hairpin structure-the guide-RNA. The CRISPR-Cas9 system is in

essence the immunological system of the bacteria.

Cas9 is a nuclease a type of enzyme that can cut DNA. When
the matching sequence, known as the guide RNA, finds its
target in the phage genome, the cas9 cuts the phage DNA,
disabling it. Over the past few years, researchers studying the
system realized that it could be engineered to cut not just viral
DNA but any DNA sequence at precisely chosen location by
changing the guide RNA to match the target. This can be done,
not just in a test tube but also within the nucleus of a living cell.
Once inside the nucleus, the resulting complex will lock onto a
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short complex known as PAM. The cas9 will unzip the DNA
and match to its target RNA. If the match is complete the cas9
will use 2 tiny molecular scissors to cut the DNA. When this
happens, the cell tries to repair the cut, but the repair process is
error prone leading to mutation that can disable the gene,
allowing researchers to understand its function [8]. These
mutations are random but sometimes researchers need to be
more precise, for example by replacing a mutant gene with a
healthy copy. This can be done by adding another piece of DNA
that carries the desired sequence. Once the CRISPR system has
made the cut, this DNA template can pair up with the cut ends,
recombining and replacing the original sequence with the new
version. All this can be done in cultured cells including stem
cells that can give rise to many different cell types. It can also be
done in fertilised egg allowing transgenic animals with targeted
mutations. Unlike previous methods, CRISPR can be used to
target multiple genes simultaneously, facilitating the therapy of
not just diseases with point mutations but also polygenic
mutations. These methods are being improved rapidly and are
being used in basic research drug development, agriculture, and
for treating disorders of genetic origin in humans.

Manifestation of the therapeutic potential of

CRISPR-Cas9 for SCD

For one sickle cell patient, Victoria Gray who has been suffering
from this crippling disease her entire life, the possibility to do
away with it, permanently, irreversibly, and with the prospect of
protecting her future generations from it, was gifted to her by
this new technology of CRISPR Cas9. Much of her life has been
punctuated by trips to the emergency rooms due to pain, with
life and career ambitions put on hold or interrupted. It has
progressed to hamper her heart functioning, and strokes are
always a constant threat. It is the most common inherited blood
disorder. The alleviation of symptoms and the burden of disease
by marrow transplant remains the only option to this day for
many, while for a whole lot of others there is a bleak hope of the
future due to rapid advancement of the disease.

With rumination over getting a bone marrow transplant for the
same, Victoria’s doctors instead suggested something different to
try and treat her disease. She jumped at the chance and went on
to become the first patient to be listed and treated with
CRISPR-Cas9 genome editing tool. Come August 2020, a year
later from her commencement of treatment, this modality
appears to be working better than any other. The billions of
genetically modified cells infused in her body appear to be
alleviating virtually all the complications of her SCD [9]. Let us
understand how this therapeutic miracle was brought about.

The CTX001-While Victoria Gray's SCD is a genetic disordered,
the mode of genetic intervention did not involve deleting and
adding a healthy copy of beta globin gene in her DNA. Instead,
the CTXO001 is employed in its therapy. The CTX001 boosts the
production of fetal haemoglobin HbF-the type of it haemoglobin
which is present at birth but stops being produced in adulthood.
The principle of CTX001 is that the production of HbF can
compensate for the defective Hb produced.

The steps involved are:
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Harvesting stem cells from patient’s bone marrow.
2 Delivery of CRISPR-Cas9 components to the cells.

Action of CRISPR Cas9-deletion in gene Bcl-11a (it encodes the
transcription factor which normally represses fetal haemoglobin
synthesis).

Consequence of the CRISPR-Cas9 action-Break in the gene
Bcl-11a.

Resumed action of the cells to produce the HbF protein.

Production of billions of such modified and corrected stem
cells.

Reinfusion of these stem cells. When majority of the stem cells
transplant in the body and produce the protein, it compensates
for the production of HbS and effectively controls the disease.

Prognosis and outcome the predicted levels of HbF in the
patient was 20%, at the initiation of the treatment. In August
2020, the HbF levels in the patient far exceeded the
expectations of the doctors, with the HbF levels being 46% of
the total haemoglobin. Additionally, 81% of the bone marrow
in her body contains the genetic modification through stem cells
which is needed to produce the fetal haemoglobin protein. It
indicates that the edited and modified stem cells have continued
to survive in her body for an extended period, much greater
than what was expected.

Quality of life post therapy from repeated trips to the emergency
wards and multiple transfusions needed to survive and continue
with life, to zero hospitalizations and alleviation of symptoms
and complications post CRISPR-Cas9 gene therapy, Victoria
Gray’s life took a full turn for the good. While she was the first
SCD patient to receive this experimental treatment, she is not
the only one. In 2019 patients with beta thalassemia have also
been receiving CTZ00l treatment for pumping up fetal
haemoglobin level through stem cell modification [10].

A critique though gene therapy can treat many but not all of
these disease complications, it still hasn’t been deemed as a cure
for the same. The CTX001 does not come without downsides,
like any other treatment modality. The patient is deemed to
undergo session of chemotherapy to eliminate their own bone
marrow and make space for the new cells. Akin to chemotherapy
for cancer patients, and transplant patients, the side effects
remain the same fatigue, nausea, mouth sores, bleeding, prone
to infections due to immunosuppression, hair loss, and loss of
appetite. Hence, though the gene therapy effectively curbs the
disease, it still comes with adverse effects that the patient would
inevitably face. The second most important factor which acts as
a drawback is the cost of the therapy. With over millions
suffering from SCD, gene therapy is a distant dream to be
manifested into reality simply owing to the financial constraints.
Bone marrow transplant which has remained the mainstay of
the treatment also remains unattainable for a large number of
such patients, consequently contributing to the mortality rate of
the disease. Although the results are extraordinarily promising,
the bigger questions which still loom are:

1. For how long will the treatment last ?
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2. What complications and adverse reactions are we yet to
expect !

3. What are the contraindications of the therapy?
4. Is it safe in the long term ?

5. Will it help the patients live longer ?

Future and challenges

Consequently, many researchers have sought improvements to
CRISPR with the gene editing method expected to continue
development well into the future.

CRISPR systems to target lots of genes, researchers at ETH
Zurich in Switzerland swapped the Cas9 enzyme for Casl2a.
Using this plasmid allowed the researchers to simultaneously
edit genes in 25 target sites. The team predicts that dozens or
even hundreds more sites could be modified using this method.
The team says that this research contributes to an enhancement
of CRISPR technologies as it provides a potential alternative for
CRISPR-Cas9 when there are complications such as immune
responses to Cas proteins.

There are many benefits of CRISPR/Cas9 systems that can be
utilized using in witro laboratory engineering. However, full
realization of the potential of CRISPR/Cas9 approaches will
require addressing many challenges. Within the system itself, off-
target cutting remains a problem. Cas9 nickases and mutants
that reduce non-specific DNA binding have been engineered
specifically to ameliorate this problem, though they are an
imperfect solution. Extensive efforts have been made in
understanding sgRNA binding and mismatch tolerance, leading
to the development of several predictive software sgRNA design
tools; however, our understanding of off-target effects remains
poor. This is a vital area for continued study if CRISPR/Cas9 is

to realize its promise.

Regarding gene cargo delivery systems, this remains the greatest
obstacle for CRISPR/Cas9 use, and an allpurpose delivery
method has yet to emerge. Instead, multiple methods are seen
for delivering CRISPR to cells. Every method has both
advantages and disadvantages, and some can be quite specific or
ill-suited to certain types of delivery (e.g. delivery to cells in a
flask delivery to a living organism). Further, the best gene
editing results with minimal off-target effects are generally
obtained from delivery of the rib nucleoprotein, as opposed to
plasmid DNA or mRNA [11]. Currently, there are more options
for delivery of small-molecule cargo than for the relatively large
protein-nucleic acid complex. Development of new delivery
approaches that enable effective RNP delivery will make a
meaningful impact to the field. Still another barrier for delivery
systems is ensuring that the chosen system is both safe and
specific. Safety in living organisms will always be a concern, and
a delivery vehicle that can target the desired cells with high-
specificity will also limit off-target effects and improve safety.
Additionally, it is vitally important that, especially in the case of
nanoparticle carriers, longterm studies on safety of the
component pieces are done. There is currently limited
information available on where various components of
nanoparticle delivery systems end up in the body, how long they
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stay there, and whether there is any long-term toxicity associated
with any component.

As evident through the many examples presented in the
‘Delivery Methods’ portion of this review, the therapeutic
potential of CRISPR/Cas9 is great. Already, much has been
published on the altering of cell line genotypes and phenotypes
using this gene editing system. Work has even moved into
animal models, and therapeutic effects are broad-ranging,
including inhibition of viral infection, reversal of debilitating
conditions such as muscular dystrophy, and elimination of
tumors in cancer models. Taken together, it is easy to see the
reason for so much excitement in the CRISPR field. As the
and CRISPR becomes

mechanistically precise and can be delivered with everincreasing

technology  evolves even more

precision, its therapeutic potential will continue to rise.

CONCLUSION

CRISPR/Cas9 system will undoubtedly revolutionize the study
and treatment of both immunological and allergic disease.
Concerned authorities should formulate the Authorize such
laws and regulations that permits the safe and ethical use of this
emerging technology for basic research and clinical purposes.

With the advancement in research in this direction, researchers
are optimistic to find the answers to these questions in the time
to come. The extraordinary feat to treat diseases at its root as
opposed to symptomatic relief, will bring new surges of
treatment modalities in modern medicine. The results are
promising, and there is still a lot to be done. The scientists are
still dealing with the tip of the iceberg which CRISPR-Cas9 is.
At this point, with speculations abound, we still cannot
pinpoint how it would shape the future of our species and of
those around us, but the impact and repercussions from what
we've known from our own history is that is would be huge.
Science has progressed a long way in understanding genetics.
Genes, through their expression in the form of proteins, still
remain the metaphorical “gun”, with environment in the role of
the “trigger”. Examples of identical twins with marked
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differences in behavior and lifestyle, and plant modifications
without genetic alterations are testament to the fact that genes
are not the all end all of our existence, and neither are we slaves
to our genome. Epigenetics would play a significant role in
modifying disease processes and progressions in the future.
Until then, we can wonder, and engage in discourses of the
potential and prospects of miraculous advancements in science
during our lifetime.
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