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Abstract

Genetic diseases in human are associated with congenital disorders and phenotypic traits. A single mutation in a
gene can cause physical or mental problems, and sometimes both. Some diseases can be lethal, and there are still
no cures for many of them. Socioeconomic burden of rare genetic diseases are increasing worldwide that have been
tried to cure using various methods. However, they were not very successful till now. Genome editing technologies
over the past few years is providing fast and effective tool to precisely manipulate the genome at specific locations.
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) associated Cas9 (CRISPR/Cas9) system has
been using from last few years in the field of biomedical research. CRISPR/Cas9 has advantages in terms of clinical
applicability to treat genetic diseases like DMD, Hemophilia, β-Thalassemia and cystic fibrosis etc. and even in
some cases this tool has already been successfully applied. Nevertheless, developed technologies for addition or
deletion of genes have made notable progress in last few years and demonstrate some promising clinical results.
However, several challenges still remain. Here, the latest applications of CRISPR-Cas9 technology in genetic
disorders, current challenges and future directions are reviewed and discussed.
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Introduction
Treatment of genetic diseases using gene therapy has long been an

aspiration for scientists, physicians and patients. The ideal approach to
cure a genetic disorder is the development of an efficient method and
tool to correct the mutations that causes the disease. Derivation of
patient-specific induced pluripotent stem cells (iPSCs) from somatic
cells and the subsequent correction of the disease-causing mutations
represent a possible strategy to achieve this goal. Corrected iPSCs can
undergo indefinite self-renewal without losing the ability to
differentiate into all cell types and may useful for autologous
transplantation [1]. However, this strategy has own limitations for the
clinical use. Further, in gene therapy, a large portion of cells from
related tissues or organs may need to be changed. Therefore, this
approach has ethical, safety and technical challenges and may alter
some other genes. If this approach is performed in germline including
embryo, then all cells of body in subsequent generations may inherit
that modification and it could unsafe for human welfare. Diseases like
cystic fibrosis or sickle cell anemia are relatively well understood and
caused by nucleotide changes in single genes. If this is the case, it might
possible that faulty gene can be corrected or replaced, but gene therapy

become more difficult for complex conditions such as heart disease,
diabetes or many forms of cancer.

Targeted gene correction has the potential to treat many different
diseases, including clotting disorders such as hemophilia A and B,
muscular dystrophy, cystic fibrosis, Fabry disease, Gaucher disease,
Pompe disease, von Gierke disease, and Hurler and Hunter syndromes
and so on. However, number of affected individual is relatively small
and the types of mutations are varies according to geographical
conditions. Therefore, the cost of treatment and regulatory approval to
develop safe and efficacious gene-editing tools for each of these
diseases may not be permissible. Hence, in earlier days scientific
community realized that there is need to develop a versatile gene
editing tool which can help to manipulate the gene very precisely.

In this review, we provide overview on how CRISPR-Cas9 system
may useful for the correction or deletion of faulty gene that causes
genetic diseases in human. Here, we mainly focus on the application of
CRISPR-Cas9 system in area of genetic diseases and to explore the
possible treatments strategies using latest gene editing tool. Although a
large number of genome editing have focused on treatment of
monogenic disorders, here we will also discuss possible treatment
strategies to apply this editing tool to other chromosomal diseases and
viral mediated infections and cancer.

Methodologies
This non-systematic review was prepared using search engine:

PubMed, Google Scholar and Medline for articles published from 2005
through 2017, using the following keywords: genome editing, CRISPR/
Cas9, genetic disorders, DMD, Cystic fibrosa, hemophilia, Thalassemia
etc. CRISPR/Cas9 mediated gene editing in cell culture lines (in vitro)
and animal models (in vivo) were also reviewed and included in this
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manuscript. Further, the future prospects and consequences of
CRISPR/cas9 gene editing tool use in correction of genetic disorders
were also reviewed based on the authors’ expert opinion.

Earlier Approaches for Gene Correction
The gene manipulation technologies developed so far are viral

mediated transgene expression and RNA interference (RNAi), which
enables restoration of gene function and targeted gene repression
respectively. However, both technologies have some limitations that
prevent their therapeutic use genetic diseases. For instance, viral
mediated gene therapy may cause mutagenesis at the insertion site and
RNAi regularly cannot fully repress gene expression. Therefore, these
technologies are unlikely to provide complete therapeutic effect where
complete ablation of gene function is necessary. Further, designer DNA
endonucleases such as zinc finger (ZF) nucleases based on eukaryotic
transcription factors [2,3], transcription activator-like effectors (Figure
1 and 2) (TALENs) from Xanthomonas bacteria has been used to
correct the mutations [4-6]. ZFN-mediated gene modification has been
shown in human cells [2,7], pigs [8], rats [9,10], mice [11], zebrafish
[12] and insects [13]. ZFNs have also been applied for experimental,
biotechnological and therapeutic purposes. Further, it has been
demonstrated that TALENs have potential to correct endogenous
genes in human primary cells [14], human ESCs and iPSCs [6,15].
Furthermore, rapid gene disruption in mouse, rat and rabbit embryo
by microinjection of TALENs has also been reported [16-18]. TALENs
have been successfully used to correct β-thalassemia patients using a
non-viral approach via efficient generation of iPSCs from the patient
cells [1] demonstrating that this strategy could be used for correction
of mutation.

Figure 1: CRISPR–Cas9, TALEN and ZFN mediated genome
editing. (A) ZFN-fok1, TALEN domain and Cas9·sgRNA-induced
DSBs can be repaired by either NHEJ or by HDR pathways. NHEJ
mediated repair is highly efficient but error-prone process, which
causes small insertions and/or deletions (indels) at the cleave site.
HDR requires a donor DNA homologous template to repair the
cleavage site and this process can be used to introduce specific point
mutations, correction of mutation or to knock-in of corrected DNA
sequences at cleavage site.

Figure 2: Applications of CRISPR/Cas9 in genetic disorders. The
disease model at the level of cellular, organ and animal could be
ideal targets for CRISPR-Cas9-mediated gene therapy. Monogenetic
as well as non-monogenetic diseases can be treated by editing of
targeted disease causing genes or enhancer and regulator genes.
Further, CRISPR-Cas9-mediated gene therapy will help us to
delineate the molecular mechanisms underlying the development of
different genetic diseases and in near future it will become a tool to
cure the diseases.

CRISPR/Cas9 and Gene Editing
CRISPR (clustered regularly interspaced short palindromic repeats)/

Cas9 system, is an RNA-guided DNA nuclease (RGN) are derived from
an adaptive immune system that evolved in bacteria to defend against
invading plasmids and viruses. Of course, upon invading, this system
transcribed and processed CRISPR RNAs (crRNAs) together with a
trans-activating crRNAs (tracrRNAs) and forms a complex with
CRISPR-associated (Cas) proteins to cleave nucleotide sequence by
Cas nucleases at specific location 158-161. The cleaved double stranded
DNA is repaired by either NHEJ (non-homologous end joining) or
HDR (homology directed repair). In NHEJ, DNA ends directly join
with their counterparts in a highly efficient but error-prone manner,
which causes small insertions and/or deletions (indels) at the cleave
site, which can disrupt the translational reading frame of a coding
sequence. In other hand, HDR requires a donor DNA homologous
template to repair the cleavage site. The donor template DNA can be
used to introduce specific point mutations, correction of mutation or
to knock-in of corrected DNA sequences at cleavage site.

In recent years, it has been seen that scientific breakthroughs have
brought by correction of disease-causing genetic variants. CRISPR-Cas
system has been extensively applied to edit genome in many species,
such as bacteria [19], yeast [20], fruit fly [21], elegans [22], zebrafish
[23], frog [24], mouse [25] and human [26]. These studies were
breakthrough and taken leads to demonstrate successful in vivo gene
editing in many adult tissues with CRISPR/Cas9. In a study, Song et al.
successfully corrected b-thalassemia mutations in iPSCs using
CRISPR/Cas9 [27]. The recent success has been made when a DMD
mouse model edited by CRISPR/Cas9 restored expression of the
dystrophin protein and improved muscle pathology and strength [28].
Because the rich multiplicity, CRISPR systems has been largely
understudied and it is logical to expect many new CRISPR-based gene-
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editing tools to emerge, including non-Cas9 based type II systems such
as the recently described RNA-guided endonuclease Cpf1 and peptide
nucleic acid (PNA) molecules [29,30]. Recently, Cpf1, a type V CRISPR
effector has been successfully used to induce mutation in soybean
genome [29]. In recent years, a series of publications demonstrated
that the CRISPR/Cas9 system could be used for correction or deletion
of faulty gene in mammalian cells. These translational results suggest
that gene editing tool like CRISPR and its modified nucleases like Cpf1
have created new opportunities and would support the potential future
clinical application for genetic diseases. Although, one major drawback
of this tool is the recognition of off-target effects, which involve the
deletion of nonspecific DNA sequences. There is need to develop some
methods for avoiding off-target effects and non-specific sequence
recognition for the effective application of CRISPR/Cas9 to cure
human genetic diseases.

CRISPR/Cas9 and Genetic Disorders

Why is CRISPR/Cas9 applicable for genetic disorders?
It is well known that genetic diseases caused by alteration in DNA

sequences that are responsible to perform a particular function in
system. In pathogenesis, many genes have already been identified
which are critically involved in the pathogenesis of genetic based
diseases. In general, defective gene in diseased cells can be corrected by
two ways: ex vivo and in vivo. In ex vivo, the diseased cell is removed,
manipulated as desired using programmable nucleases and then
transplanted back into the original host.

Disease Target gene/Sequence Delivery mode Stem cells Cell line Animal modal References

Cystic Fibrosis CFTR Transfection
SmalI (SI) and Large
intestine (LI) stem cells      HEK293T Human

Firth et al. [44]
Schwank et al. [42]

Cataracts Crygc

Microinjection

SSCs  Mouse
Wu et al. [77] Wu et
al. [78]

Transfection and

Electroporation

Human
immunodeficien
cy virus (HIV-1)
infection and
immunization

LTR loci of integrated viral
genome, T10 Transfection J-lat CHME5, Human

Ebina et al. [79] Hu et
al. [70] Zhu et al. [80]

   T-cells
HeLa, 293T, Jurkat,
TZM-bI, U1   

Duchenne
muscular
dystrophy
(DMD)

Exon 45 of dystrophin
gene

Electroporation, IM, IP
and IV hiPSCs

Immortalized
patient myoblasts,
HEK293T Human Ousterout et al. [34]

 
Exon 23 of dystrophin
gene injection  

C2C12 and mdx
myoblasts Mouse

Long et al. [81], Xu et
al. [82], Tabebordbar
et al. [38], Long et al.
[28]

Sickle cell
anemia β-globin (HBB)

Transfection
Electroporation hiPSCs

HEK293T, BC1,
TNC1 etc. Human

Song et al. [27] Xie et
al. [50] Huang et al.
[83] Park et al. [84]

α1-antitrypsin
deficiency
(A1ATD) SERPINA1 Transfection hiPSCs HEK293T Human Smith et al. [ 85]

Polycythemia
vera (PV) JAK2 Transfection hiPSCs HEK293T Human Smith et al. [85]

Barth syndrome TAZ Transfection hiPSCs PGP1 cell line Human Yang et al. [86]

Hereditary
tyrosinemia
type I (HTI) Fah Hydrodynamic injection  3T3 cells Mouse Yin et al. [87]

Human
immunodeficien
cy virus (HIV-1)
resistance CCR5 Transfection hiPSCs HEK293T Human Ye et al. [66]

Epstein-Barr
virus (EBV) Multiple Transfection  

Ranji and Burkitt’s
lymphoma cell lines Human

Wang and Quake.
[88]
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Osteosarcoma CDK11
Transfection and
electroporation  KHOS and U-20S Human Feng et al. [89]

Cardiovascular
disease Pcsk9 Transfection  3T3-L1 Mouse Ding et al. [90]

Human
papillomavirus
(HPV) and
cervical cancer HPV16, E7 oncogenes Transfection  SiHa and Caski Human Hu et al. [91]

Hepatitis B
virus (HBV)

p53 and Pten gene,
Multiple

Transfection
Electroporation
Hydrodynamic Injection  Huh7, HepG2 Mouse

Lin et al. [92], Dong et
al. [68], Ramanan et
al. [93], Hao et al. [94]

β- Thalassemia HBB gene Transfection hiPSCs  Human Xie et al. [50]

Huntington’s
disease HTT gene Stereotactic injection  HEK293T Mouse

Monteys et al. [95]
Yang et al. [96]

Phenylketonuria
(PKU) PAH Transfection  c.1222C>T COS-7 Human Pan et al. [97]

Down
Syndrome GATA 1 Transfection  K562 Human Bloh et al. [98]

Parkinson’s
disease

DJ-1/parkin/PINK1
LRRK2 Microinjection Procrine fetal fibroblasts  Pig Wang et al. [99]

  Electroporation     

Retinitis
pigmentosa RGPR Transfection iPSCs  Human Bassuk et al. [100]

  Transplantation     

Fanconi anemia FANCC Transfection  Patient fibroblasts Human Osborn et al. [101]

  Electroporation     

Cryptosporidios
is C. parvum Transfection  HTC8 Mouse Vinayak et al. [102]

  Electroporation     

Colorectal
cancer

APC, SMAD4, TP53,
KRAS, PIK3CA Transfection  

Human intestinal
epithelial organoids Human Matano et al. [103]

  Electroporation  HEK293T   

Urea cycle
disorder OTC Transfection  MC57G Mouse Yang et al. [104]

  Intraveinously injection     

Contextual
memory Mecp2

Transfection
Stereotactical injection  HEK293FT Mouse Swiech et al. [105]

Bronchial
alveolar
adenoma Kras, p53, Lkb1 Transfection mESCs Neuro-2a Mouse Platt et al. [106]

  Electroporation     

Intestinal
hyperplasia Apc Blastocycst injection mESCs  Mouse Dow et al. [107]

Cardiomyopath
y Myh6 Intraperitoneal injection  10T1/2 cells Mouse Carroll et al. [108]

Severe
combined
immune IL2Rg Transfection hESCs

K-562, hCD4+ T
cells, Human Hendel et al. [109]
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deficiency X-1
(SCID

Adrenal
hypoplasia
congenita and
hypogonadotroi
c
hypogonadism DAX1 Microinjection   Monkey Kang et al. [110]

Table 1: Studies using CRISPR mediated gene-editing approaches applied in haematological, neurological non-cancerous, cancerous and
monogenic diseases.

In other hand, in vivo therapy modified editing tool with corrected
piece of gene directly transfer into body. Therefore, these genes are
might be potential target for the modified nucleases like CRISPR/Cas9
system to remove or repair the faulty gene and may lead to develop
therapeutic strategies to cure genetic disorders. The each
programmable nucleases has own advantages and disadvantages, and
they are executed diversely to treat particular disorders. There are
examples of gene-editing techniques applied in different genetic
diseases in cell lines, disease models and human
(Table 1).

DMD
Duchenne muscular dystrophy (DMD) is an inherited X-linked fatal

genetic muscle disease, caused by in-frame deletions of dystrophin
gene. The gene encoded protein dystrophin plays a crucial role in
muscle development. In the absence of dystrophin, progressive muscle
weakening and degeneration occur and over time the affected
individual leads to premature death [31]. Presently, there is no
permanent and effective treatment for DMD. Genome-editing
approaches for DMD include permanent exon removal and cDNA
knocking using different tool has been tried [32-34]. The exon skipping
studies in patient derived myoblasts using ZFNs have also been
performed and demonstrated restoration of the reading frame [34].
The mutational hotspot has also been targeted by HDR, with mega
nuclease-mediated repair of exons 45-52 in immortalized patient cells
[32]. Functional dystrophin gene restoration has also been
demonstrated by genome editing in iPSCs derived from a patient
lacking exon 44 and 45 using TALEN and CRISPR-Cas9 [33-36]. Further,
recently it has been seen that researchers of different laboratories have
of demonstrated that AAV-mediated CRISPR treatment enabled the
function of DMD gene in cardiomyocytes and muscle stem cells
[37-41].

Recently, Young et al. [35] successfully deleted human DMD exons
45-55, and suggest that it can be directly applied in vivo to restore
dystrophin. Further, Bengtsson et al. [36] demonstrated that adeno-
associated viral (AAV)-mediated muscle-specific gene editing has
significant potential for therapy of neuromuscular disorders.
Additionally, some of studies used pigs and nonhuman primates for
generation of DMD phenotypes using CRISPR-Cas9 and suggested
that such gene-editing may be easily switched into larger animals
[37-40]. Besides that larger animal model such as rats, pigs, and
primates could represent clinical appearances for DMD than
commonly used mdx mouse. Recently, Cpf1-(CRISPR
from Prevotella and Francisella-1), a new RNA-guided endonuclease,
mediated correction of DMD mutations in human cells and in animal
disease model was demonstrated that represent a noteworthy step

toward therapeutic translation of gene editing for genetic diseases [41].
These encouraging results suggest that CRISPR/Cas9 tool possess the
therapeutic potential to cure human genetic diseases including DMD.
Further, large animal models may serve to augment our understanding
about DMD at large level and may useful to develop therapeutic
interventions. However, these approaches and strategies have some
concerns like efficiency, applied methodology and tool, cell survival
and proliferation, toxicity of injected chemicals and so on and should
investigate thoroughly before clinical application.

Cystic Fibrosis
Cystic fibrosis (CF) is a chronic and progressive autosomal recessive

genetic disorder, caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene on the long arm
of chromosome 7. CFTR encodes epithelial chloride ion channel and
distributed across a wide range of organs including pancreas, kidney,
liver, lungs, gastrointestinal tracts, and reproductive tracts. Mutations
in CFTR causes disturbance in ion transport and fluid retention,
resulting abnormal thickening of the mucus which causes obstructions
in the lung airways and pancreatic ducts. CF remains the most
common and lethal genetic disease among the Caucasian population
and need to develop better therapeutic intervention. A non-profit
cystic fibrosis foundation has announced $5 million three year
agreement with Editas Medicine to develop CRISPR/Cas9-based
medicines for the treatment of cystic fibrosis. This foundation in 2013
has demonstrated the functional repair of CFTR by CRISPR/Cas9 in
intestinal organoids of cystic fibrosis [42]. This type of research showed
potential of CRISPR/Cas9 and encouraged to researcher for correction
of other genetic diseases using this tool. In cystic fibrosis, DNA, RNA,
or proteins can be targeted for the modifications, but at the level of
DNA, replacement of mutated CFTR gene with functional CFTR gene
could better therapeutical approach. Correction of CFTR mutation in
patient derived iPSCs and intestinal stem cell has been done previously
using ZFN [43] and CRISPR [42,44]. In these studies, patient derived
fibroblasts were reprogrammed to iPSCs and then co-nucleofected
with a CRISPR/Cas9-CFTR gRNA cassette in various combinations
demonstrated correction of CFTR gene with16.7% efficiency. This
progress opens the perspective of undertaking the precise correction of
the CFTR gene in the frame of a precision medicine approach. In 2016,
Vituret et al. [45] demonstrated functional correction of the genetic
defect in human CF cells by using microvesicles and exosomes as
vectors that established an mRNA-mediated gene therapy approach in
CF organoids. However, some concern showed that there is potential
risk of permanent integration of CRISPR-Cas9 components into the
host genome following viral vector transfection methods.
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Hemophilia
Hemophilia, one of the most common inherited blood diseases, is

caused by mutations in the human hemoglobin beta (HBB) gene.
There are two variants in haemophilia-A and B. The haemophilia A is
caused by different genetic mutations- in coagulation factor VIII and
for hemophilia B in coagulation factor XI. In this disease it is found
that decreased expression of HBB gene lead to accumulation of α-
globin chains which ultimately disrupt the process of erythropoiesis
and cause anaemia [46]. To date there is only one curative treatment
for b-thalassaemia is allogeneic haematopoietic stem cell
transplantation (HSCT). Gene therapy could be another option for
treating hemophilia via correction of the defective gene. The first
successful in vivo gene targeting of hemophilia was achieved in a
hemophilia B neonate mouse [47]. Further, in 2013, Anguela et al. [48]
demonstrated successful correction of defective human F9 (hF9) gene
using a ZFN pair to target the and AAV as the delivery vector in mouse
genome. Further TALENs were also used and shown to be able to
correct haemophilia gene [49]. In recent years, modified nuclease like
CRISPR-Cas9 technology has been successfully applied to correct b-
thalassaemia mutations in patient-derived induced pluripotent stem
cells (iPSCs) [27,50,51]. These corrected iPSCs thus display normal
function and potentially could provide a source of cells for
transplantation in patients, offering a new strategy to cure this disease.
In 2015, Canver et al. [52] identified an erythroid-enhancer region
within the BCL11A gene via CRISPR-Cas9-mediated and reported that
this region could be an ideal therapeutic target for b-haemoglobin
disorders. Hence, considering the latest development in area of gene
therapy, hemoglobinopathies of hemophilia can be treated or corrected
using modern gene editing approaches in patient derived iPSCs and
these iPSCs can be differentiated into hematopoietic stem cells, which
can be transplanted back into patients.

Sickle-Cell Anemia and β-Thalassemia
Sickle cell anemia is one of the common monogenic disorders,

affecting millions of people worldwide. It is caused by mutation in the
β-globin gene (HBB) which is a single nucleotide substitution from A
to T that converts a glutamic acid to a valine that are responsible for
the production of sickle hemoglobin. Till date, there is no available
therapy to completely cure the sickle cell anemia except allogeneic
hematopoietic stem cell transplantation (HSCT), however, blood
transfusion associated with a high risk and it is possible only for a
small level of patient. Manipulation of β-globin locus has been
previously carried out using targeted nucleases like TALENs and ZFNs
to cure hemoglobinopathies [53,54]. However, very limited success has
achieved with maximum off target. Recently, one of the studies has
demonstrated correction of β-globin gene in CD34+ cells using the
optimized CRISPR/Cas9 system and donor template. Further, they
showed that corrected cells gain the potential to develop into erythroid
cells and started to produce β-globin protein [55]. This finding suggests
that correction of faulty gene in monogenetic disorders is possible
using CRISPR/Cas9 gene editing tool. Further, Li et al. [33] suggested
that effective and efficient treatment of beta-hemoglobinopathies can
be achieved via careful design and optimization of sgRNAs in gene
editing technologies.

β-Thalassemia, one of the leading monogenetic disorders, is caused
by mutations in the hemoglobin beta (HBB) gene. In a study,
combination of CRISPR/Cas9 and the piggyBac transposon has been
used to cleave the HBB gene and showed correction of two different β-
thalassemia mutations in iPSCs from β-thalassemia patients [50].

Further they showed no off-target effects were detected in the
corrected iPSCs, and the cells retained full pluripotency, exhibited
normal karyotypes and restored expression of HBB gene compared to
the parental iPSCs line [50]. This type of research offers a new strategy
to cure the monogenetic disorders. Gene editing with CRISPR-Cas9
support the idea that targeting fetal haemoglobin may be safer
approach to treat this devastating disease.

Huntington’s Disease (HD)
Huntington’s disease (HD) is a severe neurodegenerative disorder

caused by the autosomal dominant mutation in the first exon of the
HTT gene encoding huntingtin protein. The symptoms of HD patient
are movement disorders, cognitive impairment and psychiatric
disturbances due to the presence of excessive trinucleotide repeat
(CAG repeats) in HTT as compared to normal person. The mutated
gene consists of expanded polyglutamine stretch that directs to protein
misfolding and formation of aggregates which ultimately affect
molecular and cellular processes of neurons [56]. It is believed that
introduction of corrected CAG repeats in normal cells or correction of
the mutation in patient-derived cells could be achieved by modified
nucleases [57,58]. The first patient specific iPSCs line of HD containing
CAG repeats was reported in 2008 [59] and further it has expanded
dramatically for research and therapeutic purposes [60]. The first
successful insertion of corrected CAG repeats into the genome of
HEK293 cell line using CRISPR/Cas9 is reported by Malakhova et al.
[61]. Several other recent studies have given us proof of principle for
the use of CRISPR/Cas9 system to correct neurodegenerative disease
in cell line as wells as in small animal models. Therefore, potential of
this genome-editing tool to elucidate gene function in biological and
pathological conditions that leads to the correction of gene defects in
disease is of great. In fact, successful correction by the CRISPR/Cas9
system of gene mutations in cell lines, iPSCs or in animal models may
help to establish foundations for future gene therapy.

Other Genetic Diseases
CRISPR/Cas9 technology may also be envisioned as a tool to correct

chromosomal aberrations, immunodeficiency viral diseases, cancer
and other genetic diseases. The classic examples of chromosomal
aberration like Robertsonian translocation, trisomy 21, Turner and
Klinefelter syndrome, Y chromosome microdeletion, infertility,
mitochondrial diseases and so on. These chromosomal abnormalities
can be corrected by using CRISPR/Cas9 via separation of two
chromosomes, restoration of centromere position and by introduction
of corrected gene sequence. Although, taking into consideration of
several challenges it is difficult to manipulate the chromosome and
need to optimize the condition hence, therapy may be quite far from
being applied. Further, combination of modern technology like whole
genome sequencing and CRISPR/Cas9 may also help to identify new
genes which are involved in different genetic diseases. Further,
CRISPR/Cas9 could be used to correct mutations in mitochondrial
DNA (mtDNA) in mammalian oocyte. It is reported that mutations in
the mtDNA are transmitted exclusively via the oocyte, which can carry
between 10 000 and 100 000 mtDNA copies [62]. It is also proposed
that using CRISPR/Cas9 instead of TALEN may correct mutated
mtDNA sequence from the oocyte or the zygote [63]. The
multifactorial neurodegenerative disorders like Parkinson’s disease
(PD), Alzheimer’s disease and amyotrophic lateral sclerosis are caused
by abnormal protein folding. The gene editing tool like CRISPR/Cas9
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could be able to modify or correct abnormal protein production and
prevent their accumulation in pathological condition.

HIV is an immune deficiency disease which occurs due to
functional loss of CD4+ cells. The successful correction of CCR5 or
CXCR4 in stem cell, normal iPSCs and human CD34+ hematopoietic
stem and progenitor cells (HSPCs) has been done using modified
nucleases viz. ZFNs, TALENs and CRISPR/Cas9 [64-69]. In 2014, Hu
et al. [70] reported that CRISPR-Cas9 mediated disruption of viral gene
expression and replication in various cell lines suggest that HIV could
be cure by using CRISPR/Cas9 editing tool.

Furthermore, cancer is the harbor of multiple mutations that cause
cells to convert into malignant phenotypes. CRISPR-Cas9 system may
highly specific tool for correcting such mutations and treating the
cancers. The indels can be done in cancerous cell lines which are easily
available using CRISPR-Cas9 technology. Further, to create indels, the
oncogens like receptor tyrosine kinase Erb2 could be good for
CRISPR-Cas9. Recently, CRISPR/Cas9 tools are applied in cancer
inducing mutation in human cell line and animal models to cure lung
cancer [71], acute myrloid [72], liver cancer [73] and pancreatic cancer
[74] further strengthen the potentiality of CRISPR/Cas9. This
technology can also be used to manipulate inherited diseases by
targeting DNA regulators or enhancers of pathogenic genes (Figure 3).

Figure 3: Summary of possible application of CRISPR/Cas9 in
different genetic disorders.

Ethics
Although, CRISPR-Cas9 technology has been successfully used to

cure several diseases however, it remains many things are not clear like
how we should determine which disease or traits are appropriate for
gene editing. In addition, could we manipulate human embryos for
own interest. In these respect, we must take care these issues because
these are ethical concern and need to establish some guidelines with
caution and progress. It is reported that, a Chinese research group used
CRISPR-Cas9 to edit nonviable human zygotes, which creates lot of
controversies [75]. Certainly, there are concerns that any unexpected
effect becomes heritable in the edited zygote/embryo. So, undoubtedly
the gene editing will increase the risk for the health of the future
offspring therefore, editing would be adopted where there are no other
options to cure the disease. Likewise, other concern is delivery of both
CRISPR and the repair donor DNA template into the desired tissues or

cells in the body remains to be developed. Hence, gene editing
technologies like CRISPR/Cas9 should be use but with care of moral
and ethical issues for the wellbeing of human. The different options
will have to be balanced on morally relevant criteria such as safety,
efficacy and accessibility of gene editing technologies.

Future Prospective
The quick progress in the field of gene therapy is likely to continue

to accept new challenges that will expand the scope of curing genetic
diseases by genome editing technologies. The gene editing technology
has changed the meaning of gene therapy but there are still lots of
fundamental and translational work to be done to understand the full
potential of CRISPR/Cas9 in particularly in area of genetic diseases. In
recent years, it has been seen that increasing number of CRISPR
related clinical trials and promises are being proposed worldwide.
Although, we are still a long way from translational medicine. In one
study, risk factor (FTO gene) of obesity has successfully manipulated
using CRISPR/Cas9 technology by mutation in nucleotide bases of
gene and showed this change could regulate IRX3 and IRX5 to start
disperse energy and stop storage of fat [76]. This type of research in
near future could lead to treatment process of obesity using latest gene
editing technologies. In another study, Canver et al. [52] demonstrated
that interruption of BCL11A enhancer by CRISPR/Cas9 in primary
erythroid precursors has changed the level of BCL11A expression and
alleviate haemoglobin disorders. This study suggests that by
manipulating the gene using CRISPR/Cas9 we could determine the
fate of erythrocytes. However, there is a need to improve efficiency,
reduce off target effects and delivery methods of CRISPR technology to
become reasonable for therapeutic application. Potential of CRISPR/
Cas9 technology is remarkable, and reflect the various uses is
extremely exciting. There are lots of scopes to make a promising future
by correcting a disease-causing mutation in innocent patient using
amazing tool like CRISPR/Cas9.

Conclusion
Genetic disorders, such as DMD, Cystic fibrosis, Thalassemia,

Hemophilia and other muscular, neurological and hematological
abnormalities, represent perfect targets for gene therapy. The rapid
development of modified nucleases for desired genome manipulation,
design of gRNA, appropriate vector construction and low cost have
made CRISPR/Cas9 gene editing tool for wider applications. It has
been suggested that CRISPR/Cas9 genome editing could be used in the
future to correct inherited mutations in human embryos, suggesting
that there is no technical barrier to manipulate embryos using
genome-editing tools. Though, it is important to note that selection of
the gene editing tool depends on aim of researchers, as each tool has its
own characteristics and functional features. Therefore, before
translating CRISPR/Cas9 technology to the clinic, some problems will
need to be resolved; the main issues like ethical, legal, mosaicism and
off-target effects. It is expected that in near future, genome editing
technologies would help to accelerate the therapeutic directions
towards understanding of molecular mechanism of disease at gene
level. Scientist and clinician by using CRISPR/Cas9 tool would be able
to answer the questions like which gene is responsible for causing
disease and how do treat/correct that defective gene/ disease? that
would become silver lining for the patients.
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