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Abstract
Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) is one of the major genome editing 
systems and allows changing DNA levels of an organism. Among several CRISPR categories, the CRISPR-Cas9 
system has shown a remarkable progression rate over its lifetime. Recently, other tools including CRISPR-Cas12 
and CRISPR-Cas13 have been introduced. CRISPR-Cas9 system has played a key role in the industrial cell facto-
ry’s production and improved our understanding of genome function. Additionally, this system has been used as 
one of the major genome editing systems for the diagnosis and treatment of several infectious and non-infectious 
diseases. In this review, we discuss CRISPR biology, its versatility, and its application in biomedical engineering.  
(Folia Histochemica et Cytobiologica 2020, Vol. 58, No. 3, 163–173)
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-associated endonuclease 9; saCas9 — Cas9 from Staph-
ylococcus aureus; spCas9 — Cas9 from Streptococcus 
pyogenes; HDR — homology-directed repair; HNH 
— an endonuclease domain named for characteristic 
histidine and asparagine residues; HPRT — hypoxanthine 
phosphoribosyltransferase; Indel — insertion and/or 
deletion; MHC — Major Histocompatibility Complex; 
NAG — Nucleotide-Adenine-Guanine; NGG — Nu-
cleotide-Guanine-Guanine; NHEJ — non-homologous 
end-joining; PAM — Protospacer Adjacent Motifs; RuvC 
— an endonuclease domain named for an E. coli protein 
involved in DNA repair

Abbreviations: AAV — adeno-associated virus; ADAR — 
adenosine deaminases acting on RNA; Cas9 — CRISPR- 
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Introduction

CRISPR-Cas (Clustered Regularly Interspaced 
Short Palindromic Repeats-CRISPR associated Cas 
enzyme) is an advanced adaptive immune system 
in bacteria and most archaea which protects them 
through the degradation of invasive DNA [1]. The 
history of the exploration of the CRISPR-Cas system 
turns back to 1987 when Ishino and co-workers at 
Osaka University reported repeated DNA fragments 
in cluster form in the Escherichia coli genome [2]. 
While they were attempting to investigate the alka-
line phosphatase isozyme encoding gene, a special 
repetitive sequence was observed downstream of the 
gene. This repetitive sequence was composed of five 
completely similar repetitive 29 nucleotides sequences 
that are dispersed by 32 nucleotide unique sequences 
[2]. In the following years, similar repetitive sequences 
were found in other E. coli strains and in enterobacteria 
that are closely related to E.coli as well as in Shigella 
dysenteria [3]. Several 36-base pair (bp) direct repeats 
interspaced by 35-46 bp unparalleled spacers were re-
ported in Mycobacterium tuberculosis [4]. The repetitive 
sequence of the CRISPR in archaea was discovered in 
1993, while Mojica and co-workers were investigating the 
salinity effects on the growth of Haloferax mediterranei. 
These researchers observed a long DNA sequence in the 
genome of these archaea which composed of regulatory 
repeats, although there was no similarity between these 
sequences and E.coli repeats [5]. The function of these 
repeats remained unclear for almost 20 years after its dis-
covery. Several names including multiple direct repeats 
(DRs) [6], short regulatory spaced repeats (SRSR) [7], 
and large clusters of tandem repeats (LCTR) [8] have 
been suggested.

The term CRISPR was coined by Jansen and 
coworkers [9] and became accepted by researchers 
as this acronym reflects the structural features of 
repeats. In this review, we summarize CRISPR-Cas 
mechanisms and its applications in biotechnology and 
biomedical engineering. We propose insights into our 
understanding of CRISPR-Cas and discuss the open 
questions in the field. 

Molecular mechanisms  
of CRISPR-Cas system

In the CRISPR-Cas system, RNA harboring the 
spacer sequence supports the CRISPR-associated 
(Cas) proteins to recognize and cleave foreign patho-
genic DNA which is followed by cell repairing. There 
have been two repairing mechanisms discovered; 
non-homologous end-joining (NHEJ) (with more 
probability) and homology-directed repair (HDR) 

mechanisms. To knock-out a specific gene by the 
CRISPR system, NHEJ has been used (cells naturally 
use this mechanism with a high percentage to escape 
death after a double-strand break). On the other hand, 
HDR has been used for knock-in and occurs at a low 
percentage (Fig. 1). For HDR knock-in of any DNA 
fragments, either a single-stranded oligodeoxynucle-
otide (ssODN) or a double-stranded donor plasmid 
(dsODN) is used as a template in combination with 
nucleases to achieve accurately targeted and efficient 
insertion into the target DNA site. Previous studies 
have shown that ssODN-mediated knock-in is more 
efficient as compared to double-stranded plasmid-me-
diated knock-in [10–12]. 

CRISPR-Cas system consists of a crRNA (CRIS-
PR RNA) complemented with targeted DNA which 
causes the attachment of crRNA to this DNA and is 
involved in recognition. RNA that is attached to the 
3’ end of crRNA is called tracrRNA (trans-activating 
CRISPR RNA) which transcribes from the same 
cluster of the CRISPR locus. For recognition and 
double-stranded DNA cleaving, annealing of these 
two RNAs to create a single guide RNA (sgRNA) and 
subsequent attachment of sgRNA to Cas9 protein is 
required [1, 13]. One of the major sequences called 
Protospacer Adjacent Motif (PAM) is also involved 
in recognition, while the length and number of this 
sequence may vary in different bacterial systems. 
This sequence is located close to the ~20 nucleotides 
sequence which is recognized by crRNA. The stem-
loops formed at 3’ end of tracrRNA are critical for 
the function of CRISPR [14, 15].

Types of CRISPR systems

Based on CRISPR/Cas loci, CRISPR systems have 
been classified into six types (I–VI) and all of them 
contain a distinctive Cas nuclease along the interfer-
ence stage [1]. Of these, type I and III systems use 
a large multi-Cas protein complex to promote the 
target sequence cleavage, whereas the type II system 
utilizes a single nuclease called Cas9 [15, 16]. Cas12 
and Cas13 are nuclease proteins belonging to type V 
and VI, respectively [17]. In this review, we focus on 
three important types of CRISPR/Cas systems. 

CRISPR-Cas9
Among the several types of CRISPR-Cas systems, 
CRISPR-Cas9 has been most commonly used and is 
derived from Streptococcus pyogenes. CRISPR-Cas9 
system has been harnessed to mediate genome editing 
in several cell types and can be exploited to generate 
gene knock-outs (via insertion/deletion) or knock-
ins (via the HDR). PAM sequence of this bacterium 
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is 80 percent NGG and could be 20 percent NAG, 
while other CRISPR systems may contain different 
PAM sequences [14]. Bioinformatics tools have been 
used to link tracrRNA to crRNA resulting in a single 
unique RNA that can be used in genome editing. 
Several vectors have been generated to exploit the 
potentials of CRISPR-Cas9 technology [18, 19]. 
Molecular studies showed that Cas9 endonuclease 
has two domains (RuvC and HNH) on Cas9 protein 
and each domain cut one strand in a double-stranded 
DNA. While D10 (aspartic acid 10) that exists on the 
RuvC domain is involved in cutting the non-comple-
mentary strand with sgRNA, H840 (histidine 840) 
located on the HNH domain is required for cutting 
the complementary strand with sgRNA. To create 
a Cas9 that only connects to the guided location 
without applying a double-stranded break (Dead 
Cas9 or dCas9), both nuclease domains need to be 
mutated [20, 21] (Fig. 2). On the other hand, effector 
domains could be connected to carboxyl-terminal of 
the dCas9 protein that may result in activation of 
gene expression by transcriptional activators such as 
VP64 (a transcription activator protein from Herpes  
Simplex Virus), inhibition of gene expression by 
KRAB effector (Krüppel associated box domain), 

epigenetic changes (KDM [histone lysine demeth-
ylase] or HAT/HDAC [histone acetyltransferase/ 
/histone deacetylase]), tracking of DNA (often with 
GFP [green fluorescent protein]) and specific DNA 
isolation by affinity tag (and base-changer deaminase 
domain) [22–25]. One such effector is adenosine 
deaminase enzyme (TadA), which can change ade-
nine to inosine; thus, it can convert A-T to G-C [26]. 
This system enables researchers to make targeted 
point mutations with around 50 percent efficiency. 
Additionally, the cytidine deaminase enzyme has 
been applied in manipulating several bacterial species 
[27–30]. This system has been designed to induce an 
end-codon into a gene and make it possible to out the 
target gene purposefully and is known as CRISPR- 
-stop. This approach has been efficiently used to 
inactivate several genes in mice zygote cells [31] as 
well as to identify critical amino acids in proteins [32]. 
Also, the cytidine deaminase enzyme has been used 
for induction of exon skipping, activation of alterna-
tive 3’ or 5’ splice site, switching between mutually 
exclusive exons, or targeted intron retention [33]. To 
ease recognition sites that could be identified by the 
CRISPR-Cas9 system and to reduce the off-target 
rate, web-based software has been used. 

Figure 1. Illustration of the CRISPR-Cas9 mediated gene editing. The CRISPR/Cas9 system which has been functioned 
in different organisms has a sgRNA consisting of a backbone with three stem-loops and a complementary sequence with  
a 20-nucleotide target (shown in blue color). It also has a PAM (shown in black color) that in 80% of cases is NGG and 
in 20% of cases is NAG. After binding of 20-nucleotide to the target DNA, endonuclease distinguishes it and cuts three 
nucleotides after the PAM as blunt end using its endonuclease property (Some studies showed that Cas9 is first attached 
to sgRNA, and then the target DNA is detected). Afterward, the cell uses an NHEJ repair method to add or reduce some 
nucleotides (gene indel, shown in yellow color). This method is used to knock out genes. If the cell uses HDR repair, it uses 
a DNA similar to the cut-off region as a template and performs repair. This type of repair is used to create knock-in in the 
cell and destroy, add, and correct the gene (shown in no color, pink, and blue respectively).
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One of the major disadvantages of the CRIS-
PR-Cas9 system is the “off-target effect”. Although 
this system is highly efficient in prokaryotes, in the 
case of eukaryotes, there has been an increase in the 
off-target effect due to multiple increases in genome 
size. To overcome this effect, one specific mutation on 
Cas9 protein has been added to create a new protein 
called Cas9 nickase. This protein has a mutation in 
nuclease domains to cut complementary or non- com-
plementary strand DNA with sgRNA (Fig. 2). It has 
been shown that using sgRNAs on opposite strands 
to create a double nickase resulted in 200–1500 fold 
reduction of off-target effect [19, 34, 35]. 

CRISPR-Cpf1(Cas12)
One of the most important CRISPR-associated 
tools is CRISPR from Prevotella and Francisella 1 
(CRISPR-Cpf1) which is analogous to the CRIS-
PR-Cas9. Zhang and co-workers for the first time 
introduced the CRISPR-Cpf1 system in which the 
sgRNA-endonuclease protein differs from that of the 
CRISPR-Cas9 system [17] (Fig. 3). Crystallography 
of Lachnospiraceae bacterium ND2006-crRNA-DNA 
revealed that the Cpf1 consists of a binding domain 
with a looped-out helical domain (LHD), an oligo-
nucleotide binding domain (OBD), a RuvC nuclease 
domain, and domains with unknown functions [36].  

Figure 2. Researchers have mutated and inactivated Cas so that it can bind to DNA based on the sgRNA targeting sequence, 
but has lost its ability to cleave. By binding Cas to transcriptional activators (e.g., VP64 [Virion Protein 64], SunTag [repeti-
tive peptide epitopes that can be used to recruit multiple copies of an antibody-fusion protein to the target of interest]) and 
inhibition domains (e.g., KRAB [Krüppel Associated Box]), epigenetic modulation domains, reporters (e.g., GFP [Green 
Fluorescent Protein], RFP [Red Fluorescent Protein]), and deaminase (i.e., adenosine deaminase), additional capabilities 
can be added to the Cas.

Figure 3. Single nickase and paired nickases systems. Research-
ers identified two amino acids in the Cas9 endonuclease protein 
(H840 and D10), that are involved in cutting one of the DNA 
strands. The amino acid H840 is located in the RuvC domain 
and the amino acid D10 is located in the HNH domain. Cas9 
D10A cleaves the gRNA-targeting strand, while Cas9 H840A 
cleaves the non-targeted strand. In single nickase, the Cas9 can 
cut merely the strand complementary to the sgRNA; a couple 
of sgRNA-Cas9n complexes can nick both strands at the same 
time (paired nickases). When using paired nickases, additional 
considerations need to be given to gRNA design which includes 
producing a 5’ overhang, the spacing between the two gRNAs, 
and the relative position of the two gRNA target sites. By using 
paired nickases, the off-target is greatly reduced, but cutting 
efficiency is also greatly reduced.
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A crystallography analysis on DNA-crRNA-Acidami-
nococcus sp. has shown that conformational transi-
tions of the PAM interacting cleft and disordered seed 
sequence minimize the off-target in CRISPR-Cpf1 
system suggesting PAM sequence plays a critical role 
in the stimulation of structural rearrangements [37] 
(Fig. 4). Using the Cpf1 endonuclease derived from 
Acidaminococcus sp. BV3L6 and Lachnospiraceae 
ND2006 bacteria, it was found that the effect of this 
system on eukaryotic cells is compatible with the 
CRISPR-Cas9 [38]. However, functional Cpf1 does 
not require the tracrRNA, but crRNA is needed. 
This promotes genome editing because the Cpf1 is 
not only smaller than the Cas9 but also has a smaller 
sgRNA molecule. Cas12a orthologs and BhCas12b 
have been used as powerful gene-editing tools [39, 40]. 
Catalytically inactive AsCpf1 protein in fusion with  
a transcription activator (dAsCpf1-VPR) was used for 
upregulation of targeted gene expression in mamma-
lian cells [41]. The Cpf1 has also been effectively used 
for multiplex gene editing purposes [42–44]. Recently, 
Broughton et al. used a CRISPR–Cas12-based assay 
to detect SARS-CoV-2 from patient RNA, namely 
SARS-CoV-2 DNA Endonuclease Targeted CRISPR 
Trans Reporter (DETECTR) [45]. Some of the new 
subtypes of type-V CRISPR system including Cas12e, 

Cas12f, Cas12g, Cas12h, Cas12i, and Cas12k show 
programmable endonuclease activity [46–49]. 

CRISPR-Cas13
The type VI CRISPR-Cas systems also known as 
CRISPR-Cas13 only requires one Cas13 protein 
and a crRNA molecule. To date, four subtypes of 
this system have been recognized including VI-A 
(Cas13a/C2c2), VI-B (Cas13b/C2c6), VI-C (Cas13c/ 
/C2c7), and VI-D (Cas13d) [50, 51]. The presence 
of two HEPEN domains that are responsible for 
RNA-targeted nucleolytic activity is a common fea-
ture of all subtypes, even though they differ in size 
and sequence [50, 52]. While Cas13a is used to cut 
a particular RNA [51], catalytically-inactive Cas13 
(dCas13) can only attach to RNA strands [53–55]. 
Similar to CRISPR-Cas9 which present base editing 
activity to revert an SNP without inducing a dsDNA 
break [56], RNA base editing for A-to-I edit [57] 
and C-to-U edit [58] were proven to be achieved by 
fusion of dCas13 with ADAR. These systems are 
used to make changes at RNA level as well as to treat 
diseases [59]. In contrast to other types of Cas13, 
Cas13d [60] and some examples of Cas13a do not re-
quire a Protospacer Flanking Sequence (PFS). Very 
recently, it has been shown that Cas13d can inhibit 
SARS-CoV-2 and influenza [61]. Among the Cas13 
family, the Cas13d has fewer amino acids than others 
(930 amino acids). Due to the low number of Cas13 
nucleotides, the insertion of this protein in vectors 
with a size limitation is much easier. Importantly, the 
Cas13d has more than 90% efficiency in cutting the 
RNA. These features of the Cas13d endonuclease 
has made it as one of the best tools for molecular 
biology studies.

Applications of CRISPR-Cas9  
in biomedical engineering

The CRISPR-Cas system has demonstrated an in-
credible potential for utilization in several biomedical 
and biotechnological applications. In this review, 
we focus on some of the CRISPR applications in 
biomedical engineering. One of the major applica-
tions of the CRISPR-Cas system is the induction of 
disease models in animals become faster and cheaper 
than conventional methods. The creation of these 
models is intended to simulate human diseases in 
mouse; due to its genomic similarity to the human 
genome, the low distance between generations, and 
its cost-effectiveness [62–65]. However, problem with 
CRISPR-mediated creation of animal models is the 
generation of mosaic animals [66]. The frequency of 
mosaic animals generated via the CRISPR-Cas9 sys-
tem may vary in different species [66]. Nevertheless, 

Figure 4. CRISPR-Cas12a (Cpf1) system. The Cas12a targets 
AT-rich regions of the genome (indicated with light blue 
color), in contrast to Cas9 which targets GC-rich sequences. 
The backbone of the sgRNA has one stem-loop and the sgRNA  
is composed of 43 nucleotides, of which 24 nucleotides are 
complementary to the target DNA (shown in dark green 
color). The mature crRNA required for the Cpf1 action is 
shorter than the guide RNA of the Cas9. The Cpf1 endonu-
clease protein has fewer nucleotides than the Cas9 and carries 
the cut as a sticky end, and the cut area is far from the PAM. 
Three well-studied orthologs of the Cpf1, including AsCpf1, 
FnCpf1, and LbCpf1 have been applied for genome editing 
in eukaryotic cells. The PAM sequences of the Cpf1 family 
proteins differ only in the number of thymidine. 
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this system has provided a good opportunity to study 
cancer in cell and animal models [67–69]. 

Regarding the importance of animal studies, the 
CRISPR has been used for knocking out the MHC 
system in pigs at the genome level [70] which represents 
a suitable source of organs for xenotransplantation. 
Due to its importance in the food and biomedical in-
dustry, genetically engineered pigs have been produced 
by introducing CRISPR components into developing 
zygotes using somatic cell nuclear transfer (SCNT) 
[71]. Also, it has been demonstrated that resistance to 
Mycobacterium bovis in cows can be generated through 
the integration of Nramp1 (natural resistance-associ-
ated macrophage protein-1) gene by the Cas9 nickase 
into the bovine genome [72]. CRISPR-based genome 
manipulation has been successfully used in other live-
stock animals including goat [73–76] and sheep [77–80]. 

CRISPR has been used in multiplexing and simul-
taneously targeting several genes on multiple chromo-
somes and modeling complex human diseases. This 
system has been successfully applied in patient-derived 
hematopoietic stem and progenitor cells [81], liver 
diseases including viral hepatitis caused by hepatitis 
B virus (HBV) and hepatitis C virus (HCV) [82], and 
neurological disorders including amyotrophic lateral 
sclerosis (ALS) and Parkinson’s disease [83]. Effective 
delivery of CRISPR-Cas9 to target cells is critical for 
therapeutic editing outcomes. Using in vivo or ex vivo 
methods, Cas9 can be delivered directly in the form of ri-
bonucleoprotein (RNP) complexes or indirectly as DNA 
or mRNA. While in vivo methods exploit direct delivery 
of CRISPR-Cas components into unhealthy cells of 
the body, ex vivo methods can be used to introduce the 
CRISPR-Cas components to cells harvested from pa-
tients, before reintroducing them into the patient [84]. Ex 
vivo gene editing is favorable to achieve good efficiency 
and safety in CRISPR-mediated genetic manipulation of 
the human-induced pluripotent stem cells (hiPSCs). This 
strategy has been implemented for treating HIV-1 infec-
tion and acute lymphoblastic leukemia [85]. In vivo gene 
editing therapy is more challenging as it requires more 
efficient and tissue-specific in vivo delivery methods.  
A recent preclinical study by Maeder et al. [86] docu-
mented efficient removal of a disease-causing mutation 
within the intron 26 of the CEP290 gene using AAV-sa-
Cas9, in both murine and primate models of Leber 
congenital amaurosis type 10. 

In the context of biomedical applications,  
CRISPR system has been used in eliminating infec-
tious agents such as viruses [87] and genome engi-
neering of non-infectious microorganisms to achieve 
bio-based benefits [88, 89]. 

CRISPR-Cas9 libraries have been used in drug 
target discovery and such approaches offer promising 

results over RNA interference because of its ability 
to target the whole genome, complete knockdown, 
and remarkable reproducibility [90]. Genome-wide 
CRISPR library screens include CRISPR-based 
loss-of-function (CRISPR knock-out) for studying 
drug resistance [91]; CRISPR-based gene activation 
(CRISPRa) for studying gain-of-function [92]; and 
CRISPR-based gene inhibition (CRISPRi) for stud-
ying the loss of functions (Figure 4) [93]. Of these, 
CRISPR knock-out libraries employ original Cas9, 
while CRISPRa and CRISPRi libraries use dCas9 
along with other elements including VP64 (activa-
tion) [94] or the Krüppel associated box (KRAB) 
repression (inhibition) [23]. The CRISPR-Cas screens 
have also been applied for assessing gene deletions 
linked to drug resistance. One such application of 
CRISPR-Cas9 involves knocking out HPRT1 leading 
to cells’ resistance to 6-thioguanine which has been 
commonly used in cancer treatment [95]. Another 
study identified 51-long noncoding RNAs involved 
in modulating cancer cell growth [96]. 

In cancer research, the CRISPR system could 
improve cancer diagnostic platforms that impact 
hospital medicine [53, 57]. It has also been used for 
high-throughput screening to identify anti-cancer 
drugs [97]. CRISPR imaging systems using dCas9 
[98–101] and dCas13 [54, 57, 101] have shown to be 
critical for tracking genomic content and transcrip-
tional regulation in various tissues of healthy and ill 
people. In cancer immunotherapy, the CRISPR has 
been used to generate CAR-T cells as the CRISPR 
engineered T cells showed high potential in treating 
leukemia and lymphoma [102]. PD-1 has been iden-
tified as an important target for the engineering of 
T-cells [103, 104]. CRISPR technologies have been 
widely applied in stem cells and regenerative medicine 
[105–107]. In recent years, several methods of nan-
oparticle-mediated CRISPR/Cas9 delivery systems 
have been well established [108].

Perspectives and future directions 

Genome editing is a modern science tool and has 
been considered as a promising strategy for treating 
several diseases at genomic level. Among genome 
editing tools, CRISPR-Cas is now being considered 
as a great interest to both scientists and clinicians. 
CRISPR/Cas9 system is simple, relatively cheaper 
and its in vitro, in vivo and ex vivo applications have 
been used to diagnose, cure or reduce the severity 
of a wide range of human diseases as well as HIV-1/ 
/AIDS and Kostmann disease [45, 109–113]. CRISPR 
technology is applicable at many biological levels 
and could be used for the treatment of many human 
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diseases including cancers, infectious diseases, and 
genetic disorders. It has also been shown that Cas9 
protein can activate host immunity against itself [114]. 
Researchers have been attempting to overcome chal-
lenges including the targeted delivery of this editing 
system to the target area and reduction of off-target 
effects [115, 116]. The CRISPR system has an off-tar-
get limit in organisms with a large genome which can 
be minimized by using bioinformatics and engineering 
tools (e.g., double nickase approach [34]. Besides, 
the possible immunogenicity of SpCas9 and SaCas9 
proteins [114] need to be discussed for in vivo therapy. 
Another challenge is the large size of some Cas9 pro-
teins (e.g., spCas9 approximately is 160 kDa), which 
is a restriction in delivery approaches, as some viral 
vectors have a size limitation for integration. Ethical 
aspects should not be ignored when working with this 
system. A deep understanding of the challenges and 
differences between several CRISPR systems allows 
us to improve its performance functionality. Overall, 
the CRISPR-Cas system toolkits (including Cas9, 
Cas12, and Cas13 and their engineered derivatives) 
are endowed with the potential to revolutionize the 
field of biomedicine.

The recent developments in the CRISPR-Cas 
system and its vast number of biotechnological appli-
cations allowed us to study gene function and carry 
out translational research. In recent years, CRISPR 
technologies, including CRISPR-mediated genome 
editing, CRISPRa, and CRISPRi have been widely 
used in gene expression studies and genome sequence 
manipulation. Furthermore, these systems have been 
applied in stem cell engineering and regenerative 
medicine [105]. Although the effectiveness of the 
CRISPR-Cas system has been documented, safe 
and efficient delivery of the CRISPR components to 
desired cells in patients’ needs to be addressed. For 
example, in cancer immunotherapy, the most efficient 
method of delivery would be utilizing nanoparticles 
to introduce the system’s components [117]. In con-
clusion, the CRISPR system has created a revolution 
in molecular biology, biotechnology, and biomedicine 
which rapidly moves toward creating tremendous 
changes in clinical trials. 
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