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Introduction
Different technologies have been developed to manipulate 

DNA, but until recently they were costly, labor-intensive and time-
consuming. Discovery of the Clustered Regularly-Interspaced Short 
Palindromic Repeats (CRISPR), the mechanism of the CRISPR-
based prokaryotic adaptive immune system (CRISPR-associated 
system, Cas), and its transformation into a potent DNA editing tool 
has changed completely the field of gene manipulation. CRISPR/
Cas9 genome editing was derived from the naturally occurring 
defense mechanism used by bacteria to shield themselves from 
infection by bacteriophages and mobile genetic elements. In nature, 
CRISPR functions as a bacterial adaptive immune system, releasing 
RNAs that are complementary to intruding DNA - marking them for 
destruction. After the initial intensive period of data accumulation, 
CRISPR was soon adapted for a vast range of applications-creating 
complex animal models of human-inherited diseases and cancers; 
performing genome-wide screens in human cells to define the 
genes responsive for specific biological processes; regulating the 
expression of specific genes; used to genetically modifying plants. 
This technology has opened countless opportunities for easy, 
inexpensive, and quick editing of human genes. It literally has the 
potential to change the human medicine and health. Why did this 
sudden revolution happen and how does it work?

History and Origin
Humans have been engineering life for thousands of years. 

Since ancient times, mankind has changed the course of evolution 
through an artificial selection cultivating the scars of plants and 
animals obtained through random mutations that are most useful 
and meaningful. Through selective breeding, we strengthened 
useful traits in plants and animals. This process, however, takes a 
long time. We become very good at this, but never fully understood  
how it worked until we discover the DNA. In the 20th century,  

 
the structure of DNA was discovered, and many opportunities for 
exploration were discovered. In the 1970s, attempts were made 
to accelerate these mutations by treating plant cultures with 
various mutagenic factors as radiation or chemicals and screening 
the useful ones. In the 1970’s scientists inserted DNA snippets 
into bacteria, plants, and animals to modify them for research, 
medicine, agriculture, and even for fun. This marks the beginning 
of gene engineering. Today we produce many substances by gene 
engineering as life-saving clotting factors, hormones as insulin and 
growth hormone, growth factors and others. 

All things we had to harvest from the organs of animals before 
that. During their evolution bacteria have developed a set of barriers 
to protect themselves against invaders such as phage and plasmid 
nucleic acids. Different prokaryotic defense systems exist and at 
least two of them directly target the incoming DNA: Restriction-
Modification (RM) and CRISPR-Cas systems. Both systems are 
compatible and act together to increase the bacterial resistance 
to phages by cleaving their respective target sites and to decrease 
phage contaminations. Specific sequence of recurrent genes in E. 
Coli was identified, showing five highly homologous sequences of 
29 nucleotides, arranged as direct repeats with 32 nucleotides as 
spacing [1]. Haloferax Mediterranei is an archaebacterial organism 
with extreme salt tolerance and the high salt concentration affect 
the way in which restriction enzymes cut the microbe’s genome. 
In the DNA fragments examined, multiple copies of a near-perfect, 
roughly palindromic, repeated sequence of 30 bases were found, 
separated by spacers of roughly 36 bases-that did not resemble any 
family of repeats known in microbes [2].

The name CRISPR - Clustered Regularly Interspaced Short 
Palindromic Repeats was proposed by Jansen et al. [3]. In 2005 it 
was found that the repeats in the sequence were genomes from 
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bacteriophages or other extrachromosomal origin [4]. In 2007 
was reported that CRISPR provides resistance against viruses in 
prokaryotes [5,6]. The CRISPR-Cas system is a bacterial “immune 
system” against bacteriophages. It is a sequence of the bacterial 
genome that consists of repeatable short palindromic DNA regions 
of 30-40 nucleotide pairs in length. They are separated by sections 
of DNA called “spacers”. These regions are different and found to 
match perfectly with the bacteriophage DNA that the bacterium 
has already encountered. Associated with the CRISPR sequence 
are regions of the DNA-Cas genes (CRISPR associated sequences) 
that encode CAS protein information. They are mainly helicases 
and nucleases. Because of this CRISPR is called the “immune system 
of bacteria” [7,8]. In 2009 Hale et all published evidence that the 
CRISPR-Cas system protects prokaryotes from viruses and other 
potential genome invaders via a unique RNA silencing system that 
functions by homology-dependent cleavage of invader RNAs [9]. 
In 2010 Maraffini and Sontheimer have defined the mechanism of 
CRISPR self/non-self-recognition via small CRISPR RNAs (crRNAs) 
that contain a full spacer flanked by partial repeat sequences [10-
12]. The CRISPR/Cas” immune system” is remarkably adapted to 
cleave invading DNA rapidly and has the potential to generate safer 
microbial strains [13].

How CRISPR Works
When the bacteriophage infects bacteria and injects the viral 

DNA into the bacterial cell, the viral genome will force the cell to 
produce the viral proteins and the viral enzymes and then it will 
change the whole cell machinery of bacterium. Thankfully to the 
CRISPR system bacterial cell can prevent this from happening second 
time. It is a kind of memory to prevent the same bacteriophage from 
infecting the cell another time. The CRISPR system is a three-step 
mechanism. The first is a Spacer Acquisition, the second is a crRNA 
Processing, and the third is an Interference and target degradation. 
Than we have to know that the CRISPR system has three types: 
type I, type II, and type III depending on bacterial cell. When the 
bacteriophage infects for the first-time bacterial cell, the bacterial 
cell chops up the virus genome, and takes a piece of it and inserts 
this piece into the spacer DNA in bacterial genome. Each time when 
the virus infects the bacterial cell the cell takes a piece of it and 
inserts it into the spacer DNA. The Cas enzymes are a family of 
enzymes that are implicated in the CRISPR process. Most of the Cas 
enzymes are nucleases or helicases.

In the Spacer Acquisition they are two main players - Cas1 
and Cas2. Both of them are dimers that form a complex together 
in order to form a Spacer Acquisition. Cas1 might have a nuclease 
and integrase activity. They can cut the viral genome and integrate 
it in-between DNA. Cas2 are endoribonucleases and can mainly 
cut the RNA (some bacteriophages have RNA genome). They are 
three different types of crRNA Processing. In the type I the CRISPR 
repeats form loops and then the messenger mRNA will be cut 
by Cas6e or Cas6f. The mRNA is going to become chopped up on 
small pieces of RNA and each piece contains a loop and the piece 
of the viral genome. These small pieces are the crRNA. In type II 
processing are another player called tracrRNA (trans activating 
crispr RNA). These are RNA pieces that bind to the crRNA on the 

mRNA. Then the mRNA will be chopped up by Cas9 and RNase III 
on pieces consisting of piece of viral genome, crRNA, and trRNA. In 
type III Cas6 homolog is going to chop up the mRNA directly on a 
piece of viral genome and crRNA.

The 3rd step Interference is also different between the three 
types of CRISPR system. But in general, the Cas protein and crRNA 
interfere together, and the crRNA will be integrated into the Cas 
protein to form a complex containing the Cas protein with the 
piece of crRNA. The difference is between the three types. The type 
I when the virus infects second time bacteria the crRNA will bind 
to the complementary strand of the viral genome. This binding 
will activate a cascade of Cas enzymes to chop up and degrade 
the viral genome. In type II the main player is Cas9. After the viral 
DNA and crRNA bind together Cas9 itself performs double strand 
break (DSB) in the viral genome. The Cas9 has two domains called 
HNH and RuvC (RNase H-like endonuclease domains). The Cas9 
can use these endonuclease domains to perform the DSB. In type 
I and type II Interference PAM (Proto Spacer Adjacent Motif) is a 
very important player. When the virus infects bacteria, a bacterium 
takes the piece of the viral genome which is adjacent to the PAM 
sequence.

Figure 1: Comparison of Type I, II and III CRISPR systems.

 The bacterial cell can recognize the PAM sequence and then it 
takes the adjacent sequence in order to add it into the spacer DNA 
and then in order to form the crRNA and the CRISPR complex from 
it. Why the PAM is important? Because the not only the RNA but 
also Cas enzyme can recognize the PAM sequence. PAM increases 
the specificity of recognition. PAM is very important in type I and 
type II but not in type III Interference. In type III there also is a Cas 
enzyme, crRNA, but not PAM and there is also cascade of enzymes 
as in type I which destroy the viral genome (Figure 1). Figure 1 
The CRISPR/Cas9 system. Cas9, one of the associated proteins, is 
an endonuclease that cuts both strands of DNA. Cas9 is directed to 
its target by a section of RNA. This can be synthesized as a single 
strand called a synthetic single guide RNA (sgRNA); the section of 
RNA which binds to the genomic DNA is 18-20 nucleotides. In order 
to cut, a specific sequence of DNA of between 2 and 5 nucleotides 
(the exact sequence depends upon the bacteria which produces 
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the Cas9) must lie at the 3’ end of the guide RNA: this is called the 
protospacer adjacent motif (PAM). Repair after the DNA cut may 
occur via two pathways: non-homologous end joining, typically 
leading to a random insertion/deletion of DNA, or homology 
directed repair where a homologous piece of DNA is used as a repair 
template. It is the latter which allows precise genome editing: the 
homologous section of DNA with the required sequence change 
may be delivered with the Cas9 nuclease and sgRNA, theoretically 
allowing changes as precise as a single base-pair                

In 2011 Babu et al report that, in addition to antiviral immunity, 
at least some components of the CRISPR-Cas system have a 
function in DNA repair [14]. In 2011 was published that active 
CRISPR/Cas systems can be transferred across distant genera and 
provide heterologous interference against invasive nucleic acids 
[15]. In 2012 Gasiunas et al. demonstrate that the Cas9-crRNA 
complex of the Streptococcus thermophilus CRISPR3/Cas9 system 
introduces in vitro a double-strand break at a specific site in DNA 
containing a sequence complementary to crRNA. DNA cleavage 
is executed by Cas9, which uses two distinct active sites, RuvC 
and HNH, to generate site-specific cuts on opposite DNA strands. 
Results demonstrate that the Cas9-crRNA complex functions as 
an RNA-guided endonuclease with RNA-directed target sequence 
recognition and protein-mediated DNA cleavage. These findings 
pave the way for engineering of universal programmable RNA-
guided DNA endonucleases [16].

The revolution began when scientists figured out that the 
CRISPR system is programmable. In 2012, Jennifer Dudna and 
Emanuela Sharpantier modified the Cas-9 enzyme to make it easier 
to work with. They create a variant of Cas-9, which uses single-
stranded RNA in the CRISPR-Cas9 complex, which replaces crRNA 
and tracrRNA, which is called single guide RNA (sgRNA). sgRNA 
contains an RNA sequence complementary to a region of DNA that 
is desired to be excised. They were the first to propose that CRISPR/
Cas9 could be used for programmable gene editing [17], which is 
considered as one of the most significant discoveries in the history 
of biology [18,19]. Their work has since been further developed by 
many research groups for applications ranging from fundamental 
protein research to treatments for diseases including sickle cell 
anemia, cystic fibrosis, Huntington’s disease, HIV, and others.

Application
Through Cas9 sgRNA, it is possible to make changes on a strictly 

specific gene. The primary role of this system is to deactivate genes 
by cutting the DNA molecule at a specific location. If Cas9 is modified, 
it can acquire various functions. By inactivating nuclease activity 
and adding other proteins (deaminase), the Cas9 complex acquires 
the ability to replace only one nucleotide. This makes it possible to 
convert a mutated gene into its healthy form. Another possibility 
is complete inactivation of its nuclease activity and addition of 
transcriptional activators and thus enhance the transcription of a 
gene. The CRISPR/Cas9 system can serve to inactivate/activate a 
gene, which may play a role in understanding its function. You can 
just give it a copy of DNA you want to modify and put the system 
into a living cell. When adding fluorescent proteins to Cas9, the 
spatial structure of the genome can be visualized as well as whole 

chromosome labeling. Another quality of the system is the ability to 
modify living cells such as somatic and germ line. Aside from being 
precise, cheap, and easy, CRISPR offers the ability to edit life cells, 
to switch genes on and off, and target and study particular DNA 
sequences. It also works for every type of cells: microorganisms, 
plants, animals, or humans.

In 2013 have been done heritable and precise editing of the 
zebrafish genome by CRISPR-Cas [20-23], on human cells [24-27]. 
The same year was efficiently targeted and modified by CRISPR/
Cas9 the genome of Drosophila [28,29], and plants [30,31]. In 
2013 were published results that the CRISPR system can be used 
as a potential tool for the precise regulation of gene expression in 
eukaryotic cells [32-36]. Zebrafish has become a popular model 
organism to study human diseases as neurodegenerative diseases 
[37]. Zebrafish has become also a model for cardiac development 
and disease. The transparency of the embryo, its limited 
requirement for active oxygen delivery, and ease of use in genetic 
manipulations and chemical exposure have made it a powerful 
alternative to rodents. CRISPR-mediated genome engineering and 
advanced imaging methods will only accelerate its use [38].

CRISPR system has become a highly attractable approach for 
the study of genomic rearrangements as a powerful platform to 
manipulate the mammalian genome [39-41]. Recent advances in 
genome-editing techniques have made it possible to modify any 
desired DNA sequence by employing programmable nucleases. 
The β-haemoglobinopathies, such as sickle cell disease and 
β-thalassaemia, are caused by mutations in the β-globin gene and 
affect millions of people worldwide. Ex vivo gene correction in 
patient-derived haematopoietic stem cells followed by autologous 
transplantation could be used to cure β-haemoglobinopathies. 
These next-generation genome-modifying tools are the ideal 
candidates for therapeutic applications, especially for the 
treatment of genetic disorders like sickle cell anemy (SCA). SCA 
is an inheritable monogenic disorder which is caused by a point 
mutation in the β-globin gene. Substantial success has been 
achieved in the development of supportive therapeutic strategies 
for SCA, but unfortunately there is still a lack of long-term universal 
cure. 

The only existing curative treatment is based on allogeneic stem 
cell transplantation from healthy donors; however, this treatment 
is applicable to a limited number of patients only. Huang et al. 
using CRISPR/Cas9 successfully corrected the endogenous Hbs 
point mutation in human induced pluripotent stem cells isolated 
from sickle cell disease patients and generate disease-free cells for 
treatment via transplantation back in the patients [42]. Hoban et 
al. 2016 demonstrate correction of the sickle mutation in patient-
derived CD34+ cells using CRISPR/Cas9 technology. Delivery 
of the CRISPR/Cas9 components to CD34+ cells led to over 18% 
gene modification in vitro and correction of the sickle cell disease 
mutation, leading to the production of wild-type hemoglobin [43]. 
Dever et al. 2016 present a CRISPR/Cas9 gene-editing system that 
combines Cas9 ribonucleoproteins and adeno-associated viral 
vector delivery of a homologous donor to achieve homologous 
recombination at the HbS gene in haematopoietic stem cells. 
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They also propose a method to purify a population of 
haematopoietic stem and progenitor cells with more than 90% 
targeted integration and efficient correction of the Glu6Val 
mutation and express adult β-globin (HbA) messenger RNA [44]. In 
the study of Wen et al. 2017, two separate point mutations 58T and 
69A/70A were introduced as tracking markers in HbS by CRISPR. 
Due to these genetic hallmarks, the resultant genome-engineered 
HBB (β-globin gene) was easily identified during sequencing. 
Importantly, the presence of two sequence hallmarks in HBB ruled 
out the possibility of experimental contamination, unexpected 
genome variation, or artificial sequence mutations. Sequencing 
analysis demonstrated that these genetic hallmarks (58T and 
70A) were always co-present and were detected in all genome-
edited clones; although, the two mutation sites were more than 
10 nucleotides apart. These findings indicate that it is possible to 
simultaneously edit two separate target sites in the same gene by 
the CRISPR/Cas9 approach, using a single pair of sgRNA and HDR 
template. Simultaneous genome editing of two target sites can be 
useful to treat diseases carrying two or more-point mutation sites 
that are close to each other [45].

Using human induced pluripotent stem cells (iPSCs) from 
two β-thalassemia patients with different HBB gene mutations, 
Cai et al. 2018 devised and tested a universal strategy to achieve 
targeted insertion of the HBB cDNA in exon 1 of HBB gene using 
Cas9 and two validated guide RNAs. They observed that HBB 
protein production was restored in erythrocytes derived from 
iPSCs of two patients. This strategy of restoring functional HBB 
gene expression will be able to correct most types of HBB gene 
mutations in β-thalassemia and SCA [46]. A CRYGC gene mutation is 
an autosomal dominant mutation that causes pulverulent cataract. 
After co-injection into mice zygotes of Cas9 mRNA and a single-
guide RNA (sgRNA) targeting the mutant allele correction occurred 
via homology-directed repair (HDR) based on an exogenously 
supplied oligonucleotide or the endogenous WT allele, with only 
rare evidence of off-target modifications. The resulting mice were 
fertile and able to transmit the corrected allele to their progeny. 
Thus, the study of Wu et al.2013 provides proof of principle for use 
of the CRISPR-Cas9 system to correct genetic disease [47].

MYBPC3 is involved in hypertrophic cardiomyopathy a disease 
that makes the heart muscle thicker. It can lead to sudden heart 
failure and death in young, otherwise healthy athletes when 
they push their hearts too hard while exercising. The mutation is 
dominant, meaning that a child need inherit only one copy of the 
mutated gene to experience its effects. The disease can be managed 
with a variety of treatments, but there is no real cure. Recently 
reproductive biologist Shoukhrat Mitalipov and his team used 
genome editing to correct a gene that causes a potentially fatal 
heart condition in humans. An international team of researchers 
has used CRISPR-Cas9 gene editing to correct a disease-causing 
mutation in dozens of viable human embryos. If they fertilize an 
oocyte with spermatozoa carrying mutant MYBPC3 together with 
Cas9 protein, sgRNA and DNA template, the fertilized eggs went to 
produce embryos with two healthy MYBPC3 genes in 42 out of 58 

trials (over 70% of the cases) comparing the control experiment 
without any CRISPR were the result was around 50/50 [48].

Duchenne muscular dystrophy (DMD) is a severe muscle-
degenerative disease caused by a mutation in the dystrophin gene. 
Genetic correction of patient-derived induced pluripotent stem 
cells (iPSCs) by TALENs or CRISPR-Cas9 holds promise for DMD 
gene therapy; however, the safety of such nuclease treatment must 
be determined. To restore the dystrophin protein, Le et al. 2015 
performed three correction methods (exon skipping, frameshifting, 
and exon knockin) in DMD-patient-derived iPSCs and found that 
exon knockin was the most effective approach. They differentiated 
the corrected iPSCs toward skeletal muscle cells and successfully 
detected the expression of full-length dystrophin protein [49]. 
Muscle stem cells (MuSCs) hold great therapeutic potential for 
muscle genetic disorders, such as Duchenne muscular dystrophy 
(DMD). Zhu et al. 2017 used fibrin-gel culture system to selectively 
expand MuSCs from crude skeletal muscle cells of mdx mice, a 
mouse model of DMD. By CRISP/Cas9-based genome editing, they 
corrected the dystrophin mutation in expanded MuSCs and restored 
the skeletal muscle dystrophin expression upon transplantation in 
mdx mice [50].

 These results provide an important framework for developing 
iPSC-based gene therapy for genetic disorders using programmable 
nucleases. Their studies established a reliable and feasible 
platform for gene correction in MuSCs by genome editing, thus 
greatly advancing tissue stem cell-based therapies for DMD and 
other muscle disorders. Isolated human pancreatic islets are a 
rare and precious material for diabetes research. However, their 
availability is limited, and it is impossible to obtain them from 
patients with specific genotypes. Human pluripotent stem cells 
provide an alternative. Induced pluripotent stem cells can be 
generated from any individual’s somatic cells and differentiated 
into pancreatic cells. Currently, this approach is limited by the 
immaturity of the islet-like cells derived from stem cells. However, 
this approach can already be used to model developmental defects, 
and the possibilities for studying insulin secretion are continuously 
improving. In addition, genome editing using the CRISPR/Cas9 
technology provides powerful possibilities to study the impact 
of specific genotypes. The same technology can also be used for 
transcriptional regulation in order to improve the functional 
maturation of stem cell-derived islets. 

These tools are today becoming available for tomorrow’s 
translational diabetes research.  Using CRISPR Gimenez et al. 
2016 achieved activation of human insulin gene in fibroblasts 
isolated from patients with T1D [51]. The same year the first 
report demonstrating enhanced T1D in a mouse modeling human 
PTPN22(R620W) and the utility of CRISPR-Cas9 for direct genetic 
alternation of NOD (non-obese diabetic) mice was published 
[52]. Using CRISPR/Cas9 in the LEW.1WR1 rat model of T1D the 
occurrence of Kilham rat virus-induced diabetes was diminished 
which support the use of strategies to limit or prevent the 
development of type 1 diabetes [53]. Ratiu et al. 2017 found that 
CRISPR/Cas9-mediated ablation of the activation-induced cytidine 
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deaminase gene required for class switch recombination/somatic 
hypermutation induction inhibits T1D development in the NOD 
mouse. The activation-induced cytidine deaminase protein induces 
genome-wide DNA breaks that, if not repaired through RAD51-
mediated homologous recombination, result in B lymphocyte death. 

Treatment with the RAD51 inhibitor 4,4’-diisothiocyanatostil-
bene-2, 2’-disulfonic acid also strongly inhibited T1D development 
in NOD mice. The genetic and small molecule-targeting approaches 
expanded CD73+ B lymphocytes that exert regulatory activity sup-
pressing diabetogenic T cell responses. Hence, an initial CRISPR/
Cas9-mediated genetic modification approach has identified the 
AID/RAD51 axis as a target for a potentially clinically translat-
able pharmacological approach that can block T1D development 
by converting B lymphocytes to a disease-inhibitory CD73+ regu-
latory state [54]. By CRISPR/Cas9 technology and pharmacologi-
cal approaches were inactivated protein tyrosine phosphatases 
PTPN6 and PTPN1 in human islets and islets from NOD mice. The 
authors identify PTPN6 as a negative regulator of TNF-α-induced 
β-cell death, through JNK-dependent BCL-2 protein degradation. 
In contrast, PTPN1 acts as a positive regulator of IFN-γ-induced 
STAT1-dependent gene expression, which enhanced autoimmune 
destruction of β-cells. Importantly, PTPN1 inactivation by phar-
macological modulation protects β-cells and primary mouse islets 
from cytokine-mediated cell death. These data point to a non-re-
dundant effect of PTP regulation of cytokine signaling in β-cells in 
autoimmune diabetes [55].

By CRISPR/Cas9 mediated ZnT8 knock-out Merriman et al 
2018 demonstrate that ZnT8 is a cell surface self-antigen, raising 
the possibility of a direct involvement in antibody-mediated β-cell 
dysfunction and cytotoxicity [56]. By CRISPR-Cas9 technology have 
been investigated the function of GPRC5B receptor in β-Cells [57]. 
The CRISPR/Cas9 technology became an attractive for HIV tretment 
[58]. The HIV-1 Env glycoprotein is folded in the endoplasmic 
reticulum (ER), which is necessary for viral entry and replication. 
By CRISPR/Cas9 was knocked out the TSPO gene in 293T cells 
and was found that TSPO could similarly inhibit Env expression 
in these cells [59]. Individuals homozygous for the C-C chemokine 
receptor type 5 gene with 32-bp deletions (CCR5Δ32) are resistant 
to HIV-1 infection. Ye at al. generated a pluripotent stem cells 
(iPSCs) homozygous for the naturally occurring CCR5Δ32 mutation 
through genome editing of wild-type iPSCs using a combination of 
transcription activator-like effector nucleases (TALENs) or RNA-
guided clustered regularly interspaced short palindromic repeats 
(CRISPR)-Cas9 together with the piggyBac technology. These 
modified iPSCs into monocytes/macrophages and demonstrated 
their resistance to HIV-1 challenge. 

Authors propose that this strategy may provide an approach 
toward a functional cure of HIV-1 infection [60]. CCR5 serves 
as an essential co-receptor for human immunodeficiency virus 
type 1 (HIV-1) entry, and individuals with a CCR5(Δ32) variant 
appear to be healthy, making CCR5 an attractive target for control 
of HIV-1 infection. CCR5, a co-receptor for HIV-1 entry, is a major 
target for drug and genetic intervention against HIV-1. Wang et 

al. silenced CCR5 via CRISPR/Cas9. They constructed lentiviral 
vectors expressing Cas9 and CCR5 sgRNAs. As a result, CCR5 gene-
disrupted cells are not only resistant to R5-tropic HIV-1, but also 
have selective advantage over CCR5 gene-undisrupted cells during 
R5-tropic HIV-1 infection. Silencing or disruption of CCR5 via Cas9 
and CCR5-specific sgRNAs could be a viable alternative strategy for 
engineering resistance against HIV-1 [61,62]. Li et al. constructing 
chimeric Ad5F35 adenoviruses carrying CRISPR/Cas9 components, 
efficiently transduced primary CD4(+) T-lymphocytes and disrupted 
CCR5 expression. The transduced primary CD4(+) T-cells were 
HIV-1 resistant [63]. Transplantation of hematopoietic stem cells 
(HSCs) with a naturally occurring CCR5 mutation confers a loss of 
detectable HIV-1 in the patient. Making ablation of the CCR5 gene 
in HSCs is an ideal therapy for an HIV-1 cure. Xu et al.  established 
a CRISPR/Cas9 gene editing system in human CD34+ HSPCs and 
achieved efficient CCR5 ablation which confers HIV-1 resistance in 
vivo. This strategy proposes a therapy by transplantation of CCR5 
gene-edited HSC for an HIV cure to the clinic [64]. 

CXCR4 is an also co-receptor for the human immunodeficiency 
virus type 1 (HIV-1) infection and has been considered as an 
important therapeutic target for AIDS. CXCR4 mediates viral entry 
into human CD4(+) cells by binding to envelope protein, gp120. 
Human CXCR4 gene was efficiently disrupted by CRISPR/Cas9-
mediated genome editing, leading to HIV-1 resistance of human 
primary CD4(+) T cells. The precise and efficient genome editing of 
CXCR4 will provide also a new strategy for therapeutic application 
against HIV-1 infection [65]. Recently, a small Staphylococcus 
aureus Cas9 (SaCas9) has been developed as a genome editing tool. 
It provides a promising strategy for HIV-1 gene therapy if it is used 
to target CXCR4. Wang et al. demonstrated that transduction of 
lenti-virus expressing SaCas9 and selected single-guided RNAs of 
CXCR4 in human CD4+ T cell lines efficiently induced the editing of 
the CXCR4 gene and disrupted CXCR4 expression, making these cell 
lines resistant to X4-tropic HIV-1 infection. CXCR4-edited primary 
CD4+ T cells proliferated normally and were resistant to HIV-1 
infection [66].

Disruption of either the CCR5 or the CXCR4 gene confers 
resistance HIV-1 infection. However, the urgent need to ablate both 
of the co-receptors for dual protection remains. Yu et al. ablated the 
CCR5 and CXCR4 genes in human CD4+ cell lines and primary CD4+ 
T cells simultaneously using CRISPR/Cas9. The results demonstrate 
the safety and efficacy of CRISPR/Cas9 in multiplex gene 
modification on peripherally circulating CD4+ T cells, which may 
promote a functional cure for HIV-1 infection [67]. Simultaneous 
genome editing of CXCR4 and CCR5 by CRISPR-Cas9 can potentially 
provide an effective and safe strategy towards a functional cure 
for HIV-1 infection [68]. Gene editing using CRISPR/Cas9 may 
provide a new therapeutic path for eliminating HIV-1 DNA from 
CD4+ T-cells and potentially serve as a novel and effective platform 
toward curing AIDS [69].

CRISPR-Csy4 endoribonuclease is also a promising tool that 
could be tailored further to target HIV-1 [70]. A novel catalytically-
deficient Cas9-synergistic activation mediator (dCas9-SAM) 
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technology can serve as a novel HIV-latency-reversing therapeutic 
tool for the permanent elimination of HIV-1 latent reservoirs [71]. 
Gene-specific transcriptional activation can be achieved using the 
RNA-guided CRISPR-Cas9 system comprising single guide RNAs 
(sgRNAs) with a nuclease-deficient Cas9 mutant (dCas9) fused 
to the VP64 transactivation domain (dCas9-VP64). This system 
was engineered to target 23 sites within the long terminal repeat 
promoter of HIV-1 and identified a “hotspot” for activation within 
the viral enhancer sequence [72]. Also, dCas9-SunTag-VP64 system 
can effectively and specifically reactivate latent HIV-1 transcription, 
suggesting that this strategy could offer a novel approach to anti-
HIV-1 latency [73]. 

Complete eradication of HIV-1 infection is impeded by the 
existence of cells that harbor chromosomally integrated but 
transcriptionally inactive provirus. These cells can persist for years 
without producing viral progeny, rendering them refractory to 
immune surveillance and antiretroviral therapy and providing a 
permanent reservoir for the stochastic reactivation and reseeding 
of HIV-1. Strategies for purging this latent reservoir are thus needed 
to eradicate infection. CRISPR systems are potentially effective 
tools for inducing latent HIV-1 expression and in combination 
with antiretroviral therapy, could lead to improved therapies for 
HIV-1 infection [74]. Using HIV-1 infection as a model, Liao et 
al. demonstrate that the CRISPR/Cas9 system disrupts latently 
integrated viral genome and provides long-term adaptive defense 
against new viral infection, expression and replication in human 
cells. These results unveil the potential of the CRISPR/Cas9 system 
as a new therapeutic strategy against viral infections [75].

Mutated by CRISPR/Cas9 target site in the second exon called 
T10 results in significantly diminished HIV-1 gene expression and 
virus production in latently infected Jurkat cells. That reveals a 
highly efficient Cas9 target site within the second exon of Rev that 
represents a promising target to be further explored in the CRISPR/
Cas9-based cure strategy [76]. Kaminski et al. demonstrate that 
functional activation of CRISPR/Cas9 by Tat during the course of 
viral infection excises the designated segment of the integrated 
viral DNA and consequently suppresses viral expression [77]. A 
CRISPR/Cas9 gene editing strategy has been remarkable in infected 
human cell lines. Kaminski et al. by tail-vein injection employed a 
short version of the Cas9 endonuclease, saCas9, together with 
a multiplex of guide RNAs (gRNAs) for targeting the HIV-1 DNA 
sequences within the 5’-LTR and the Gag gene for removing critically 
important segments in transgenic mice and rats encompassing 
the HIV-1 genome. These results for the first time, demonstrate 
the in vivo eradication of HIV-1 DNA by CRISPR/Cas9 [78]. In vivo 
excision of HIV-1 proviral DNA by sgRNAs/saCas9 in solid tissues/
organs in mice can be achieved via AAV delivery, a significant step 
toward human clinical trials [79].

Astrocytes, the most abundant cells in the mammalian brain, 
perform key functions and are involved in several neurodegenerative 
diseases. The human immunodeficiency virus (HIV) can persist 
in astrocytes, contributing to the HIV burden and neurological 
dysfunctions in infected individuals. Huang and Nair established 

a novel, simple and quick screening method to identify gRNA 
candidates for targeting HIV provirus in astrocytes [80]. A novel 
adeno-associated virus-based vector (AAV9P1) with a synthetic 
surface peptide for transduction of astrocytes was reported as an 
instrument to deliver HIV-inhibitory genes to astrocytes. Kunze et 
al. generated AAV9P1 vectors containing genes for HIV-1 proviral 
editing by CRISPR/Cas9. Latently HIV-1 infected astrocytes 
transduced with these vectors showed significantly diminished 
reactivation of proviruses, compared with untransduced cultures. 
AAV9P1 is a promising tool for gene delivery to astrocytes and may 
facilitate inactivation/destruction of persisting HIV-1 proviruses in 
astrocyte reservoirs [81]. 

To date, anti-HIV-1 gRNAs have been designed target certain 
sequence, however, they seldom account for genetic variation 
in the HIV-1 genome within and between patients, which will be 
crucial for therapeutic application of this technology. Dampier et 
al. created a basic computational tool for analyzing the patient-
derived HIV-1 sequence to give information for gRNA design [82]. 
The type I interferon (IFN-I)-inducible human restriction factor 
TRIM5α inhibits the infection of human cells by specific nonhuman 
retroviruses, such as N-MLV and EIAV, but does not generally target 
HIV-1. However, the introduction of two aminoacid substitutions, 
R332G and R355G, in the human TRIM5α (huTRIM5α) domain 
responsible for retroviral capsid recognition leads to efficient HIV-
1 restriction upon stable over-expression. By CRISPR-Cas9 was 
successfully mutated TRIM5 to its potentially HIV-1-restrictive 
version by homology-directed repair (HDR) in HEK293T cells. The 
TRIM5 gene editing identifies a new challenge in order to use this 
approach to confer protection from HIV-1 [83]. 

Experimental depletion of USP18 by CRISPR-Cas9 results 
in a significant restriction of HIV-1 replication in an induced 
pluripotent stem cell (iPSC)-derived macrophage model [84]. 
The HIV-1 suppression by CRISPR/Cas9 has advantages and 
disadvantages. Early RNAi experiments demonstrated profound 
virus inhibition, but also indicated that viral escape is possible.  
There are observations that illustrate opposite results of the effect 
of CRISPR/Cas9 in inactivating HIV-1 which potentially restricting 
the use of CRISPR/Cas9 in HIV-1 therapy [85-88]. HIV virus may 
produce CRISPR/Cas9 resistant strains [89]. There are potential 
difficulties that must be addressed when considering anti-HIV-1 
treatment with the CRISPR/Cas9 system alone. HIV-1 can escape 
from a single antiviral gRNA by mutation of the target sequence. 
Combinations of two antiviral gRNAs delay viral escape [90, 91].

But sometime must be very carefully with combinatorial 
approaches also [92]. In a few decades, a CRISPR therapy might cure 
HIV and retroviruses, viruses that hide inside human DNA like could 
be eradicated [93- 100] and for a cancer therapy [101-105]. RNA-
programmed Cas9 could offer considerable potential for genome 
editing in cells of the three kingdoms of life for biotechnological, 
biomedical and gene-therapeutic purposes. CRISPR/Cas9 might 
help in understanding of functions of genes and unravel new 
pathways, engineering of disease models, screening for new targets 
for therapeutics, genetic predisposition for diseases, gene therapy. 
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Attention is needed to dissolve some risks of CRISPR/Cas9 induced 
indel mutations [106, 107]. Ding et al report that the repair of the 
on- and off-target cleavage resulted in a wide variety of insertions, 
deletions and point mutations. Therefore, CRISPR/Cas9 systems 
need to be carefully designed to avoid unexpected cleavage 
sites. Although the variety of insertions, deletions and point 
mutations genome editing with the CRISPR-CRISPR-associated 
9 system disrupts the Pcsk9 gene in vivo with high efficiency and 
reduces blood cholesterol levels in mice. This approach may have 
therapeutic potential for the prevention of cardiovascular disease 
in humans. [108]. 

The CRISPR/Cas RNA-guided cleavage of the target DNA, is a 
powerful approach for targeted gene disruption in various animal 
models [109]. However, there is little verification of microinjection 
methods for generating knockout mice using this approach. Horii et 
al. 2014 compared three methods for injection: 

a) injection of DNA into the pronucleus, 

b) injection of RNA into the pronucleus, and 

c) injection of RNA into the cytoplasm. They found that 
injection of RNA into the cytoplasm was the most efficient 
method in terms of the numbers of viable blastocyst stage 
embryos and full-term pups generated. This method also 
showed the best overall knockout efficiency [110].

Ethical Issues
This technology is an extremely good weapon in the treatment 

of genetic diseases and viruses in the human genome. In order 
for these changes to remain lasting and to pass on to the next 
generation, it is necessary to modify genes or embryos. But the 
case arises: if it is possible to change the human genome to treat 
illnesses, why it is not possible to change the features of the fetus 
at the wish of the parents. If this is allowed, it is possible that the 
variety of genes in the genomic pool will decrease and the variety 
of the human species will disappear. Another option is to reverse 
the aging process and eliminate elderly diseases. World without 
diseases? A potentially powerful application of gene drives: the 
development of disease-resistant mosquitoes that could knock out 
Malaria and Zika. Gene editing can now change an entire species 
forever. CRISPR gene drives allow scientists to change sequences 
of DNA and guarantee that the resulting edited genetic trait is 
inherited by future generations, opening up the possibility of 
altering entire species forever. More than anything, this technology 
has led to questions: How will this new power affect humanity? 
What are we going to use it to change? Are we gods now? The future 
for CRISPR will be the new age for mankind. Genetic engineering 
will change everything forever.

Because this technique can do a lot of genetic engineering 
stuff, and it is acceptable to a lot of people. And mostly that is just 
really exciting. CRISPR is a very powerful tool that needs a lot of 
contemplation about its consequences one tiny mistake and this 
could lead to a catastrophe. Except to treatment of diseases CRISPR 
can and probably will be used for much more: the creation of 
modified humans - designer babies - and will mean gradual, but 

irreversible changes to the human gene pool. The first designed 
babies will be created to eliminate a deadly genetic disease running 
in a family. As the technology progresses and gets more refined, 
more and more people will use it. As soon as the first engineered 
kid is born, a door is opened and can’t be closed any more. We know 
from nature that there are animals immune to aging. Maybe we could 
even borrow a few genes from them. The challenges are enormous. 
Designer babies, the end of diseases, genetically modified humans 
that never age. Outrageous things that used to be science fiction are 
suddenly becoming reality. The only thing we know for sure is that 
things will change irreversibly. But despite of revolution CRISPR/
Cas9 now is for science, it is still just a first-generation tool.

Conclusion
CRISPR is changing the entire field of biology. Using this 

technique, scientists can edit genes with a precision, accuracy and 
speed they never had before. It is possible to change the number of 
some specific genes in a cell or delete it completely. It is possible 
also make a mutation in a gene, by altering, adding, or taking out 
pieces of DNA or single base pairs. Or you can introduce a gene 
from totally different organism. Like how we make bacteria that 
synthesize insulin, and we use the gene for GFP, the glowing green 
protein from jellyfish, as a biomarker in lots of experiments. There 
are a handful of techniques, but none of them is such convenient. 
For example, by transfection the cells will express the gene for a 
few days, but you get too much of the gene floating around. Plus, 
it is not part of a chromosome of other genes and regulatory bits, 
so you cannot be sure it is behaving normally. You can also use a 
modified virus to deliver a gene, because they normally integrate 
their genetic material in the hosts DNA. However, this method has 
problems too: the virus does not care where it sticks the new gene, 
so it could be smack in the middle of another gene and cause a 
bunch of problems. Changing a whole organism, like knocking out a 
gene in a mouse, can take a year, thousands of dollars, generations 
of breeding and bit of luck. 

CRISPR/Cas9 is a system where you can send one protein to 
make a precise cut anywhere in the genome, just by giving it a piece 
of RNA. The cell uses a template to repair DNA. It is possible to send 
in a template along with the RNA and Cas9, so it adds whatever you 
want, like a whole new gene. Since the templates guided to a specific 
part of the genome, you are going to have just the right amount of 
your gene, integrated into a chromosome – unlike older techniques, 
where you get way too many copies, or even too few. So CRISPR/
Cas9 makes gene editing faster, cheaper, and more accurate than 
even before. But like any technique, the CRISPR/Cas9 system is 
not perfect. Sometimes, it cuts in the wrong place. It might stick 
at a sequence that almost matches to the guide RNA. In lab-grown 
cells this is not a huge problem. It is possible to use the technique a 
couple of times and check for cell that do it right, and it is still way 
better than inaccuracies from other methods. But doctors are also 
beginning to develop CRISPR/Cas9 as a gene therapy for patients. 
Making a wrong cut in the genome of an already sick human could 
be disastrous. If they have cancer, for instance, an extra damaged 
gene in the already mutated cells might make the disease worse. 
That is why scientists have been carefully engineering the guide 
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RNA and the amino acid sequence of Cas9 to try and make the 
technique more accurate and cut the right sequence every time. 

They have made enough progress that human clinical trials 
involving CRISPR/Cas9 are making their way through the approval 
process: one at the University of Pennsylvania in the US and one 
at Sichuan University in China. Both are combining CRISPR/Cas9 
with another hot cancer treatment – immunotherapy. Both trials 
will take some of the patient’s immune cells and use CRISPR/Cas9 
to give them a genetic cancer-spotting boost. Than the immune 
cells will be turning back in the patient, so they can get to work. 
The researchers expect CRISPR/Cas9 method to work even better. 
Except editing an adult’s genes in their one cells CRISPR/Cas9gives 
scientists the power to edit human embryos. They are also trials 
using CRISPR/Cas9 to kill or to alter the genome of malaria 
transmitting mosquitoes not to be able to spread the malaria 
plasmid. But if humans can now manipulate the genome of any 
organism, there are ethical questions that we need to consider. It is 
expected that the rapid advances in CRISPR/Cas9 technology will 
reduce and ultimately eliminate the risk of off-target gene effects, 
and CRISPR/Cas9 will become the standard method to cure genetic 
disorders in routine clinical practice. For now, CRISPR/Cas9 is 
mostly being used for editing genomes in cells at cell cultures to 
learn how they function without a gene, or with a new one.
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