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Abstract: Targeted genome editing using engineered nucleases such as ZFNs and TALENs has been rapidly 
replaced by the CRISPR/Cas9 (clustered, regulatory interspaced, short palindromic/ CRISPR-associated 
nuclease) system. CRISPR/Cas9 technology represents a significant improvement enabling a new level of 
targeting, efficiency and simplicity. Gene editing mediated by CRISPR/Cas9 has been recently used not only 
in bacteria but in many eukaryotic cells and organisms, from yeasts to mammals. Other modifications of the 
CRISPR-Cas9 system have been used to introduce heterologous domains to regulate gene expressions or label 
specific loci in various cell types. The review focuses not only on native CRISPR/Cas systems which evolved 
in prokaryotes as an endogenous adaptive defense mechanism against foreign DNA attacks, but also on the 
CRISPR/Cas9 adoption as a powerful tool for site-specific gene modifications in fungi, plants and mammals.
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Introduction

Technologies for manipulating, modifying and 
synthesizing DNA have expanded throughout 
all fields of biology over the past decades. At the 
very beginning was the DNA structure discovery 
and later rapid evolution of DNA/RNA manipula-
tions including PCR, DNA cloning and specific 
gene targeting. The advances in whole-genome 
sequencing technologies along with hardware 
and software boom paved the way toward many a 
fascinating discovery in biology, biotechnology, 
agriculture, pharmacy and medicine. Recently, the 
RNA guided nuclease Cas9, which is a part of the 
CRISPR (Clustered Regulatory Interspaced Short 
Palindromic Repeats)/Cas (CRISPR-associated) 
adaptive bacterial defense system, is revolutionizing 
biology by providing an efficient and accurate ge-
nome engineering tool for editing both prokaryotic 
and eukaryotic organisms. This remarkable revolu-
tion has unraveled in the span of less than 4 years 
since the initial publication in 2012 (Wiedenheft et 
al., 2012; Jinek et al., 2012).
CRISPR-Cas is one of three genome editing me-
thods which are currently in use. The basic strategy 
of the genome editing methods is based on three 
preconditions: sequence recognition, double strand 
cleavage and cellular DNA repair mechanisms (Gaj 
et al., 2013). The sequence recognition and DNA 
digest can be achieved by chimeric zinc finger 
nucleases (ZFNs) or transcription activator-like 
effector nucleases (TALENs) (Urnov et al., 2010; 
Caroll, 2011; Christian et al., 2010; Reyon et al., 
2012). ZFNs are composed of a zinc finger domain 
for specific DNA recognition and a nuclease 

domain (such as FokI) to cleave the specific DNA 
site. These chimeric nucleases induce targeted 
DNA double-strand breaks (DSBs) that initiate 
the cellular DNA repair mechanisms, including 
error-prone non-homologous end joining (NHEJ) 
and homology-directed repair (HDR) (Wyman and 
Kanaar, 2006). This process enables introduction of 
genetic modifications to specific loci. Although the 
system utilizing the ZFNs was found to be potent at 
inducing genome sequence changes in Drosophila, 
mammalian cells and plants (Bibikova et al., 2002, 
2003; Zhang et al., 2010), it was not generally 
employed because of the difficulties in designing 
and validating ZFNs for some specific DNA loci 
of interest. The transcription activator-like effec-
tors (TALEs), which are naturally present in plant 
patho genic bacteria, could be used in similar matter 
to ZFNs for site-directed genome editing (Boch et 
al., 2009; Moscou et al., 2009). Other effector do-
mains such as nucleases, transcriptional activators 
and site-specific recombinases have been fused to 
TALE repeats to enable targeted genetic modifica-
tions (Miller et al., 2011; Zhang et al., 2011; Mercer 
et al., 2012). Although TALE nucleases (TALENs) 
were better than ZFNs to produce and validate, but 
the requirements of specific enzyme engineering 
for various targets in transcription activator-like 
effector nucleases limit their applications.

CRISPR/Cas in prokaryotes

Bacteria possess multiple ways to regulate foreign 
DNA invasions and resist phage attacks. These 
mechanisms could be carried out by the mutation or 
masking of cell surface receptors, restriction modi-
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fication systems, abortive infection and the CRISPR 
systems (Richter et al., 2012). CRISPR systems are 
a widespread mechanism among prokaryotes that 
provides bacteria with an “adaptive immune sys-
tem” that carries a genetic memory of past genetic 
invasions (Wiedenheft et al., 2012).
CRISPR/Cas is comprised of small non-coding 
RNAs for defense and Cas proteins required 
for transcription and processing small crRNAs 
(CRISPR RNA) and foreign DNA degradation 
(Fig. 1). The CRISPRs are composed of a leader 
sequence, short repeats and intervening sequences 
originated from foreign invasions. The CRISPR 
sequences are usually termed as the CRISPR arrays. 
Upon infection with a foreign element (e.g., phages 
or plasmids), part of the foreign DNA is typically 
attached to the leader end of the CRISPR array and 
the endogenous repeat is duplicated. The CRISPR 
arrays are adjacent to a cluster of cas genes (Richter 
et al., 2012; Rath et al., 2015; Doudna and Charpen-
tier, 2014).
The CRISPR/Cas interference consists of three 
phases (Fig. 1): a) the integration of short sequences 
from foreign genetic elements termed spacers into 
the CRISPR array, b) CRISPR array transcrip-
tion and processing into crRNAs by Cas proteins, 
c) targeting of the foreign DNA by a Cas protein 
complex that is guided by crRNAs. interferes in a 
sequence specific manner with the foreign DNA. 
Within arrays, the repeats are typically identical in 
terms of length and sequence but the repeat at the 
end of an array is often truncated or deviates from 

the consensus sequence (Horvath et al., 2008). Re-
peats are usually between 23 and 47 bp in length. In 
contrast, the spacer sequences are usually unique 
within a genome. Many spacers carry sequences 
similarities to extra-chromosomal sources such as 
phage or plasmids (Mojica et al., 2005; Bolotin et 
al., 2005). The spacers confer the sequence-specific 
immunity against those extra-chromosomal agents. 
The sequences in the foreign DNA from which 
spacers are evolved are labeled as protospacers. 
The third component of the CRISPR array is the 
leader sequence, which is positioned upstream of 
the first repeat (Richter et al., 2012; Rath et al., 
2015; Jansen et al., 2002). The leader sequence is 
about 200—500 bp long and includes the promoter 
required for transcription of the array. The leader 
region plays an important role in the spacer acquisi-
tion (Pougach et al., 2010; Yosef et al., 2012).
Cas proteins supply the enzymatic machinery 
required for the acquisition of new spacers from 
invading foreign DNA as well as targeting and 
eliminating them (Fig. 2, Fig. 3). CRISPR/Cas 
systems are currently classified into type I, II and 
III based on the phylogenic analysis and pre-
sence of particular Cas proteins (Fig. 3). Cas1 and 
Cas2 are present in every Cas operon of the three 
main types, and Cas1 is considered the universal 
marker of CRISPR/Cas systems (Makarova et al., 
2011). Other Cas proteins such as Cas3, Cas9, and 
Cas10 are signature proteins for type I, II, and 
III, respectively. Cas1 and Cas2 are important for 
spacer incorporation from plasmids and phages 

Fig. 1. Overview of CRISPR/Cas mechanism: spacer acquisition, pre-crRNA transcription and crRNA 
maturation, interference and foreign DNA digest (modified according to Richter et al., 2012).
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(Yosef et al., 2012). Cas1 and Cas2 are magnesium 
dependent nucleases but their exact function in the 
spacer acquisition remains unclear. Both nucleases 
form a dimer and mutations in their sequences in-
terfere with the foreign DNA acquisition. There are 
two types of spacer acquisition; naive, in which the 
invader has not been previously encountered, and 
primed, in which there is a pre-existing sequence of 
the invader in the CRISPR (Fig. 2). In naive spacer 
acquisition, spacer selection is guided by certain 
sequence elements in the target DNA. Analysis of 
target sequences has revealed a short motif next to 

the protospacer sequence termed PAM (protospacer 
adjacent motif) that is crucial for identification of 
self and non-self-sequences (Mojica et al., 2009). 
PAM is important for both foreign DNA interfer-
ence as well as spacer acquisition (Fig. 2). In both 
the type I-E and type II-A systems, it was demon-
strated that parts of the leader and one repeat are 
required for spacer integration. Moreover, the first 
repeat serves as template for synthesis of the new 
repeat (Yosef et al., 2012) (Fig. 2). The protospacer 
introduced into the CRISPR array contains the last 
nt of the PAM motif, which becomes the final nt of 

Fig. 2. CRISPR/Cas adaptation (modified according to Richter et al., 2012). The first repeat adjacent 
to the leader sequence of the CRISPR array is copied, and a new spacer sequence from a protospacer 

is incorporated. The last nucleotide of the repeat is not duplicated and the repeat connects 
to the PAM nucleotide of the new spacer. Primed acquisition requires crRNA, Cas3, Cas1 and Cas2 

and results in incorporation of new spacers derived from the initial spacer.
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the 5’ repeat (Swarts et al., 2012). The spacer integra-
tion is directed not only by sequence but structure 
of the CRISPR as well. The palindromic nature of 
many CRISPR repeats is essential to determine the 
location and direction of spacer integration into 
the array (Nuñez et al., 2015). The adaptation can 
be accelerated by primed spacer acquisition, which 
occurs when the targeting spacer is already present 
in the CRISPR array (Fig. 2).
CRISPR transcription initiates in the leader region 
(Spilman et al., 2013). The leader contains promoter 
elements and binding sites for regulatory proteins. 
A long primary transcript for the pre-crRNA is 
generated and may contain secondary structures 
(hairpins). The pre-crRNA is subsequently processed 
into smaller units encoding a single spacer flanked 
by partial repeats (Fig. 3). The Cas proteins respon-
sible for the processing vary with the subtype. Type 

I and III systems utilize a Cas6 protein to process 
pre-crRNA. The Cas6e and the crRNA (it has hair-
pin structure) are crucial components of the E. coli 
Cascade complex, which also contains one copy 
of CRISPR-associated protein Cse1, two copies of 
Cse2, one copy of Cas5e and six copies of Cas7 (Jore 
et al., 2011). In type III, the 5’ end of the crRNA 
interacts with CRISPR typ III associated RAMP 
proteins Csm1-Csm4/CMR2-CMR3 and the 3’ end 
with Csm5/CMR1-CMR6 (Spilman et al., 2013). 
Type II systems employ a very different strategy for 
crRNA generation where processing is dependent 
on host RNase III and a trans-encoded small RNA 
(tracrRNA) that base pairs with the pre-crRNA (Fig. 
3). Type II processing also requires the Cas9 protein. 
Another distinct feature of the type II systems is the 
5’ processing of the crRNA by an unknown nuclease 
(Jinek et al., 2012; Deltcheva et al., 2011).

Fig. 3. Overview of crRNA generation and target interference in type I, II and III CRISPR/Cas 
systems (modified according to Richter et al., 2012).
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The principle of target DNA interference by 
CRISPR-Cas systems is that crRNA bound to Cas 
protein(s) locates the corresponding protospacer 
to initiate degradation of the target (Fig. 3). The 
degradation is performed by specific Cas nucleases 
(Makarova et al., 2015). Type I and II systems inter-
ference requires the presence of a PAM sequence 
and perfect protospacer-crRNA complementarity 
in the so-called seed region, positioned adjacent to 
the PAM (Sternberg et al., 2015). The presence of a 
PAM triggers non-self-recognition, which prevents 
the systems from targeting its own CRISPR locus. 
In type I, the binding of the crRNA to the target 
causes conformational changes in the target DNA 
that could initiate Cas3 recruitment. Cas3 then cuts 
the target DNA and proceeds with degradation of 
the target (Westra et al., 2012). Type III-A typically 

contains 6 different proteins but the nuclease is not 
yet identified. Csm complexes target DNA (Mar-
raffini and Sontheimer, 2008) and CMR complexes 
target RNA (Zebec et al., 2014), but targeting RNA 
and DNA by the same Cmr complex has been 
found in S. islandicus (Peng et al., 2015). Type II 
systems require the Cas9 protein, crRNA and also a 
tracrRNA bound to Cas9. The crRNA is responsible 
for target recognition and degradation (Deltcheva 
et al., 2011).

Gene editing with CRISPR technology 
in cells and model organisms

The CRISPR/Cas system appears the most popu-
lar genome-editing tool at the moment. Although 
other programmable editing tools, such as ZFNs 

Fig. 4. Overview of genome editing using CRISPR/Cas9 system. The target gene is cleaved 
by a complex containing Cas9 and sgRNA composed of crRNA and tracrRNA sequences.
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and TALENs have significantly improved the ef-
ficiency for precise genome modification, these 
techniques have some limitations. CRISPR/
Cas9 technology represents a significant improve-
ment enabling a new level of targeting, efficiency 
and simplicity (Cong et al., 2013). Over the past 
2 years, many studies have presented the CRISPR/
Cas9 system as a powerful genome-editing method 
that facilitates genetic alterations in genomes of dif-
ferent organisms (Jinek et al., 2013; Hwang et al., 
2013; Jiang et al., 2013; Feng et al., 2013; DiCarlo 
et al., 2013). A single multidomain Cas9 initiates 
a double-strand break (DSB) in the target DNA 
composed of a 20-bp sequence interacting with the 
protospacer of the single guide RNA (sgRNA) and 
a downstream PAM sequence, 5’-NGG (Fig. 4). 
The type II CRISPR/Cas system uses non-coding 
RNAs and is designed to create a simple, universal 
RNA-programmable method to facilitate genome 
editing in cells. It can be used to generate gene 
knock-outs (via insertion/deletion) or knock-ins 
(via HDR). To create gene disruptions, a single 
guide RNA (sgRNA) directs the Cas9 nuclease to 
DNA specific site where it catalysis cleavage. The 
DNA damage is subsequently repaired by either 
NHEJ or HDR pathways (Fig. 4).
CRISPR/Cas9 found the most eager users in medi-
cal research. Its ability to introduce DSBs at defined 
sites has enabled to generate mammalian cell lines 
and cells carrying chromosomal translocations re-
sembling those found in cancers such as lung cancer, 
acute myeloid leukemia (Choi and Meyerson, 2014; 
Chen et al., 2014). Other applications of CRISPR/
Cas9 with relevance to human health include cor-
rections of genetic mutations of inherited disorders 
such as cataracts and cystic fibrosis (Wu et al., 2013; 
Schwank et al., 2013).
Another example is the systematic analysis of gene 
functions in mammalian cells. A genome-scale 
lentiviral sgRNA library was created to generate 
a loss-of-function genetic screening approach 
designed for both positive and negative selection 
(Wang et al., 2014; Zhou et al., 2014). This method 
was also applied in identifications of genes essential 
for cell viability in cancer and stem cells (Shalem et 
al., 2014).
Until now, there have been only few reports on the 
CRISPR/Cas9 system or other genome editing 
methods in fungi despite the successful application 
of this technique in mammalian cells. CRISPR/
Cas9 application in yeast strains lead to generation 
of single and multiple mutations with the aim to 
identify genes important for biosynthesis biotech-
nologically interesting products such as lactic acid, 
mevalonate (Jakočiunas et al., 2015; Stovicek et al., 
2015). CRISPR/Cas9 system works efficiently in Neu-

rospora crassa, in which the endogenous promoter of 
clr-2 was replaced with the β-tubulin promoter and 
inserted a codon optimized fire fly luciferase under 
the control of the gsy-1 promoter at the csr-1 locus 
(Matsu-ura et al., 2015). CLR-2 is a transcription 
factor that regulates the expression of cellulases, 
and GSY-1 regulates the conversion of glucose into 
glycogen. The efficient CRISPR/Cas9 system in 
another filamentous fungus Trichoderma reesei con-
firmed itself as a powerful genome-manipulating 
tool other filamentous fungal species. In T. reesei, 
it was shown that the CRISPR/Cas9 system was 
controllable and conditional through inducible 
Cas9 expression (Liu et al., 2015).
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