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We assume that the CRISPR Cas9 theory must be delimited by applicability, because the consequences of long term DNA manipulation 
remain unknown. Moreover, the irreversibility of this procedure should instigate researchers to reserved opinions. 
Usefulness as well as benefits of CRISPR Cas9 made it one of the most popular and used genome editing technique. But with its huge poten-
tial, ethical and safety concerns emerge. Therefore, before continuing research in this direction we should have a well organized system that 
is able to make that differentiation between research and reproduction. However we truly believe in the future of genetic engineering and with 
the CRISPR-Cas9 system we expect that the opportunity of treating now so called incurable diseases arises. Time is all we need.
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The development of genome engineering
Genome engineering  
An important step for genomic engineering was achieved 
in 1990 by C. Srinivasana a chemist at Johns Hopkins 
University, who tried to manipulate bacterial enzymes 
which could cut DNA [1].

The first step in the genetic engineering process was the 
division of the chromosomal DNA using genome editing 
techniques such as zinc finger nucleases (ZFNs) and tran-
scription activator-like effector nucleases (TALENs). The 
second step was to increase its specificity by using clustered 
regularly interspaced short palindromic repeats (CRISPR) 
associated with the Cas9 protein system (CRISPR-Cas9) 
which has RNA-guided (g-RNA) nucleases that precisely 
interrupts targeted sequences at the desired locus in the 
genome of any living organisms [2]. Moreover, there is a 
possibility to insert specific sequences into the DNA.

Genome editing tools play an important role in genetic 
engineering, and that is the reason why the CRISPR-Cas9 
system has screen platforms which can be operated in vari-
ous formats, such as the knockout, knockdown and activa-
tion screens. Their purpose is to enable high-throughput 
interrogation of gene functions in healthy and compro-
mised organisms, in order to target coding and non-coding 
regions throughout the genome, and last but not least, to 
induce less off-target effects [3].

The CRISPR-Cas9 system
The CRISPR system was used for the first time in 2002 
and the theory sustaining it was based on the adaptive im-

mune system of bacteria. Initially, the mechanism had a 
Cas9 enzyme which used RNA to guide itself on the com-
plementary sequences of DNA [4,5].

Several types of Cas enzymes have been developed, but 
the most well-known is called Cas9, originally discovered 
in Streptococcus pyogenes [7, 8, 9]. Three major types of the 
CRISPR–Cas system have been delineated, further divided 
into several subtypes and a few chimeric variants, [5] of 
which type II has been studied the most [6].

Scientists’ have focused on the  immune system pos-
sessed by bacteria that are constantly adapting to foreign 
invaders such as viruses and plasmids. Further analysis 
detected clustered regularly interspaced short palindromic 
repeats (CRISPRs), meaning that there are short repeti-
tons separated by nonrepetitive sequences, called  ”spacer 
DNA,” acquired from an early encounter with foreign 
DNA. 

The nuclease Cas (CRISPR associated proteins) uses 
spacer DNA to identify and crop the DNA of the invaders. 
Moreover, in association with a guide RNA, Cas is directed 
towards a specific target which needs to be removed lead-
ing to a resistance to the attack of the virus. 

This process could be applied to the nucleus of any liv-
ing cell. The system would attach a DNA sequence fol-
lowed by the Cas9 which would unzip the genome, pair 
it to the target RNA, and two molecules would perform 
the cut. Afterwards, a repairing process would be initiated, 
however there would be a high risk of random mutations 
resulting in a disabled gene.  Researchers have the option 
to replace the mutant sequence with a healthy new version 
in stem cells or fertilised eggs and to target more than one 
gene at once, making the CRISPR Cas 9 system an im-
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portant tool for studying complex diseases and improving 
different biotechnologies [10,11]. Figure 1 illustrates the 
process of CRISPR-Cas9 associated system.

New proteins discovered (class 2 CRISPR effector)
In the last quarter of 2015, B. Zetche and F. Zhang report-
ed another class of CRISPR effector namely Cpf1 proteins. 
The purpose of their discovery was to find a safer approach 
in this technique and to overcome its current limitations. 
From the total of 16 Cpf1 enzymes discovered, two are 
compatible with human cells. The CRISPR-Cpf1 tech-
nique has the following advantages: a Cpf1 small size en-
zyme, a single g-RNA molecule compared to Cas9 which 
needs two molecules and the DNA lysis being produced in 
several places offering multiple choices. Moreover, the lysis 
has a different approach by creating “sticky end” which is 
easier to control compared to Cas9 which creates “blunt 
ends”. Another positive aspect of the “sticky end” is the 
fact that the insertion of DNA can be directed via the in-
formation this procedure carries, making it more manage-
able [13, 14, 15]. The Cpf1 enzyme is safe to use during 
the procedure because it is easy to handle [14]. Research 
institutes have recognised the importance of these new 
findings and have made the legal preparations in order for 
it to be beneficial to other researchers and to incorporate 
the enzyme into their CRISPR system for superior scien-
tific findings [16]. As F. Zhang explained “We are com-
mitted to making the CRISPR-Cpf1 technology widely 
accessible. Our goal is to develop tools that can accelerate 
research and eventually lead to new therapeutic applica-
tions. We see much more to come, even beyond Cpf1 and 
Cas9, with other enzymes that may be repurposed for fur-
ther genome editing advances [14, 17].” 

Applications and Benefits
The CRISPR-Cas9 system is applied in various scientific 
fields, such as: medicine and biology, pharmacology and 
biotechnology engineering.

Medicine
An area where the CRISPR-Cas9 system has provided its 
advantages was that of genetic recessive disorders. To in-
vestigate the possibility of gene correction in adult stem 
cells using CRISPR-Cas9, the focus was on cystic fibrosis 
(CF), where adult intestinal stem cells were isolated and 
expanded in culture, then the mutant F508del allele was 
corrected using the CRISPR-Cas9 and the functionality of 
the targeted allele was demonstrated [18, 19].

Another application of this system is in sickle-cell anae-
mia and Duchene muscular dystrophy. Additionally, Cas9 
can be used to correct the causative mutation in dominant 
negative disorders such as transthyretin-related hereditary 
amyloidosis or different forms of retinitis pigmentosa [20].

Huntington’s is an autosomal dominant neurodegen-
erative disease caused by trinucleotide repetition (CAG) 
in the HTT gene after 40 CAG repeats, the majority of 
patients develop the signs and symptoms of the disease 
[21,22]. The CRISPR-Cas9 system could treat this illness 
by excluding the trinucleotide repetition from the patient’s 
DNA. By bringing together the CRISPR-Cas9 system and 
induced pluripotent stem cell (IPSC) the editing process 
could be improved [24], and there are several strategies 
for this procedure [25]. Besides Huntington’s disease, this 
technique could be performed in Rett syndrome [26] and 
schizophrenia [27].

 An enormous milestone is about to be attained in can-
cer research by providing new methods to configure can-

Fig. 1. The process of the CRISPR-Cas9 system. The g-RNA and Cas9 enzyme induce the bicatenar deletion of a targeted DNA fragment, fol-
lowed by DNA repair methods which either restore the DNA sequence or fail to do so. As a consequence, the genome could become unstable due 
to chromosomal aberrations such as translocations or deletions if the double strand breaks (DSBs) remain unrepaired or misrepaired. Apoptosis 
could be induced, and so could senescence, which leads to the loss of heterozygozity [12]. The NHEJ and homology directed repair (HDR), DNA 
repair methods for DSBs are complex and we elaborated on them in a short description here. Other molecules which take part in the process are: 
Ku70, Ku80, DNA PK-activation, Ligase IV, XRRC4, XLF, MRN, ATM, Rad 51.
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cer progression in vivo. The main focus is on editing and 
manipulating the genome of somatic cells in mammals by 
using basic, flexible and cost-effective elements [28]. Pro-
gressive genetic and epigenetic alterations will eventually 
develop cancer in a living organism and the CRISPR-Cas9 
system has variable components with applications in treat-
ing and modelling this illness. Currently, there are trials 
focused on modelling oncogenic mutation in cell lines 
[29], adult animals [30] disabling oncogenic viruses [31] 
or manipulating the cancer genome [32].

The epigenome and transcriptome are important causes of 
cancer genesis, and their consistent exploitation is beneficial 
in improving the therapy and manipulation of cancer [33].

Concerning prostate cancer cells, a flexible aptamer-
liposome CRISPR-Cas9 chimera which integrated an 
RNA aptamer was used for specific attachment to the cells' 
membrane, while the liposome distributed the CRISPR/
Cas9  system that targeted the polo-like kinase 1 in the 
cells. The results observed in vitro showed a gene inhibi-
tion effect, and in vivo, tumor regression [34]. Moreover, 

the CRISPR- Cas9 editing tool revealed targets for Ibruti-
nib therapy intended to deactivate the pre B cell receptor 
signal in acute lymphoblastic leukemia, such as B lympho-
cyte kinase and Bruton’s tyrosine kinase [35].

In addition, a previously unimaginable perspective for 
CRISPR-Cas9 have been reported in personalised medicine 
(Figure 2). Regarding lung cancer, biopsy samples were tak-
en from patients’ tumours and epidermal growth factor re-
ceptor (EGFR) mutant genes were identified. With a virus-
delivered CRISPR-Cas 9 editing tool the mutation could be 
detached or even destroyed meaning that in the future „mo-
lecular surgery” could be performed on DNA specifically 
targeting the disease. Nevertheless, a combination of thera-
pies could be used for the patients’ benefit, such as: radiation 
and chemotherapy, and even traditional surgery [36].

Biotechnology engineering and applications in Phar-
macology
In the pharmaceutical industry, the CRISPR and Cre/Lox 
system played an important role when the development 

Fig. 2. Applications of CRISPR-Cas9 in personalized medicine (republished with the permissions of Andreea Ventura and Swiss Med Wkly 
editor-in-chief. Reference no. 28:  https://smw.ch/index.php?id=75&tx_ezmjournal_articledetail[identifier]=smw.2015.14230). The importance of this 
procedure in personalised medicine is the fact that it allows the discovery of functional consequences given by DNA sequences or mutations with 
unknown pathogenesis and repercussions. The first step consists of the discovery of these mutations in the patient’s biopsied tumour tissue. The 
second step is the creation of these mutations in vitro and in vivo and via the documentation of the functional repercussions (in this example, the 
case of a mouse). Such information can be used to design an optimised personalised treatment [28].
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of a vaccine for the Pseudorabies virus took place with the 
help of gene editing technology [37]. This technology pro-
vided new insights when post-vaccine immunity was inef-
ficient and the evolution of the virus needed to be stopped.

Companies have started to invest in this revolutionary 
technique. There may be a financial purpose for private 
companies, as they have invested in the majority of the 
projects involving the CRISPR system. 

„Interest in the genes editing forces of CRISPR-Cas9 
by pharmaceutical companies literally exploded in the last 
year”, said Bill Lundberg [38].

Their aim was to engineer immune cells and blood stem 
cells, discover drugs, new targets in preclinical models for a va-
riety of disease areas and to breed plants for agricultural uses.

Nowadays there are therapies for the suppression of 
HIV-1 replication, yet there are none for the deactivation 
of the virus in the latent reservoirs. Using the CRISPR- 
Cas9 system in combination with two antiviral gRNAs the 
blocking of viral replication could be attained [39]. Anoth-
er disease to which this system brings therapeutic value is 
hepatitis B; knowing that the mini-chromosomal cccDNA 
(covalently closed circular DNA) generates a new viral an-
tigen, the editing tool could be used to remove cccDNA 
which would lead to lower HBsAg levels [40].

There is a large number of scientific papers published 
revealing the successful application of the CRISPR-Cas9 
technique, and we would like to mention some of these: 
the dicot and monocot plant genome [41], plant suspen-
sion cells with applications in pharmacology [42], bacteria, 
zebra fish, non-viable human embryos, mammalian cells, 
insect-resistant and herbicide-tolerant plant varieties, vac-
cine development and others. „In the short term, the de-
velopment of new techniques or the improvement of exist-
ing ones will provide further instruments to counter the 
appearance of resistant weeds and insects and to reduce the 
use of agrochemicals” [43]. 

Challenges and Limitations
The delivery of g-RNA and the Cas9 protein has been a 
constant challenge, but the researchers used plasmids, vi-
ruses, and ribonucleoproteins (RNPs) as method for opti-
mizing their gene-editing procedures, even though these 
three delivery methods had limitations [44,45].  

 One of the most significant limitations of the CRISPR-
Cas9 system was the appearance of certain off-target effects, 
although these represented a small percentage compared to 
previous techniques of genetic engineering. Various strat-
egies had been reported to reduce off-target effects [46, 
47, 48]. It is very important to select an optimizing RNA 
guide, Cas9 enzyme and unique target sequences [23]. 
Moreover, CRISPR-Cpf1 has recently shown promises in 
diminishing these effects. Additionally, F Zhung main-
tains that “Cpf1 may overcome one of CRISPR-Cas9’s few 
limitations. The system works well for disabling genes, it 
is often difficult to truly edit them by replacing one DNA 
sequence with another” [13].

A limitation and a constant provocation at the same time 
was the protospacer sequence in the g-RNA represented by 
the 18~20-nt spacer region, and which the fundamental 
reason for off-target and on-target effects in CRISPR ex-
periments [45]. Twenty DNA bases pairs (bp) are the max-
imum target for the CRISPR-single RNA guide (sgRNA) 
[23]. Thus, no more than 20bp deletions and insertions 
can be done.

The precision of Cas9 was found to be enormously 
lower than in the theoretical approach [45]. As a result, 
new concepts have gone into development, such as: a more 
accurate Cas9 system, more effective deliveries and more 
powerful sgRNA [49, 50].

Other researchers found a large number of unexpected 
mutations, described as off-target effects, which means that 
the CRISPR-Cas9 system interfered with other regions. 
Furthermore, there were excessive and unwanted errors 
made on mice embryos or adult human cells compared to 
other studies, although we must mention that they only 
analysed the exons. If they would have had analysed the 
whole genome, the number of mutations would probably 
have increased [50]. 

The consequences were not described in the literature 
due to the fact that the subjects and their descendants were 
not monitored for a long period of time. Thus, the conse-
quences were unknown mainly because only a few studies 
had the objective of following the off-target effects.

Even though this is a controversial subject, there have 
been studies which reported a minimal percentage of in-
ducing tumours as adverse reactions [51,52,53].

Therapeutic applications have encountered challenges 
and limitations, since the CRISPR-Cas9 must be precisely 
defined or improved in the case of safe long term usage 
in human disease treatments [56]. Depending on DNA’s 
complexity, CRISPR-Cas9 specificity decreases. Therefore, 
new challenges arise in adapting these techniques arise due 
to a low proportion of off-target effects seen in bacteria, 
zebra fish and mice compared to human cells.

This evolution in molecular genetics offers many promis-
es, but it also brings an important ethical debate which was 
emphasized by use of the technique on human embryos.

The international bioethics committee of UNESCO 
considers that the CRISPR Cas9 system should only be 
used as a preventative, diagnostic and therapeutic proce-
dure, without modifying the descendants’ genome. Until 
now, this technique has held the possibility of treating cer-
tain diseases, such as: sickle cell anemia, cystic fibrosis and 
several types of cancer [57].

In March 2015, the researchers who worked to develop 
CRISPR acknowledged the unsafeness of this method and 
highlighted the topic of eugenics [49].

At the same time, using the CRISPR-Cas9 method, 
Chinese scientists have tried to edit the human genome 
by modifying the gene responsible for beta thalassemia 
(HBB). In order to avoid ethical concerns, they operated 
on nonviable embryos [50]. The technique involved the 
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injection of the CRISPR-Cas9 system into 86 embryos, 
of which 71 survived. Of the surviving embryos, 54 were 
tested, only 28 embryos dividing successfully, but not all 
of them had the replaced genetic information. Following 
this experiment, the scientists ended the trial and declared 
that the technology was imperfect, and in order to be used 
on viable embryos it should have a 100% success rate [50].

They also declared that there were no reasons for ethi-
cal concerns because the experiments were made on non-
viable embryos.

In December 2013, the European Union Council and 
Parliament adopted Horizon 2020 framework which allows  
funding human embryo research if all it’s clauses and pro-
cedures are accomplished. Currently human gene editing is 
permitted in 18 Member States, whilst 3 prohibit it and the 
rest have no specific legislation.

Recently in Great Britain, researchers have received the 
approval to genetically edit viable human embryos, which 
are to be donated by patients taking part in in vitro fertiliza-
tion procedures. The scientific study would end in 7 days, 
and after this time the embryos would be eradicated due to 
ethical concerns [55] because according to current legisla-
tion human embryos cannot  be used in the blastocyst stage. 

Their opponents were worried about the consequences 
these interventions would have on the human genome, 
especially in future generations. Likewise, the risk en-
countered in clandestine exploitation and parents being 
tempted with a genetically modified embryos in order to 
gain physical and intellectual traits for their offspring after 
birth [54]. 

Conclusion 
Without any doubt, the CRISPR system holds many per-
spectives in the near future, leading to new enzymes being 
discovered and used as editing tools. For instance, Cpf1 
enzyme can be easily and precisely manipulated compared 
to Cas9 with the purpose of obtaining aimed results with-
out off-target effects. Despite the greater benefits and po-
tential of this technique there is the need for well defined 
rules and legislations for a consistent worldwide imple-
mentation.
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