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ABSTRACT. Since 2012, CRISPR/Cas technologies have
revolutionized the field of modern molecular biology and
biotechnology due to their ability to direct a Cas nuclease to cleave
specific nucleic acid sequences with a guide RNA (crRNA),
providing dynamic tools for many applications, being naturally
derived from the adaptive immune system of prokaryotes. The most
widely used toolbox for genome editing, modulation, and detection
contains types Il, V and VI of class 2 systems, categorized and
characterized by Cas9, Casl2, and Casl3, respectively. In recent
years, given the wide application of Class 2 CRISPR-Cas systems as
molecular tools, there has been a focus on the discovery,
characterization, and specificity of Cas effector nucleases from these
systems, generating even more possibilities for the development of
new applications. We reviewed the scientific literature on current
knowledge of CRISPR-Cas systems and recent advances in
biotechnology involving class 2 systems between 2000 and 2019. For
this, we searched for original articles indexed in the following
databases: PubMed, Scopus, SciELO, Periodicos Capes and Google
Scholar, and used keyword combinations such as “CRISPR / Cas
Class 2 systems”, “Cas9”, “Casl12”, “Casl3”, “Genome editing” and
“diagnostic detection”. Eighty original articles were obtained, 55 of
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them were selected for this review because they match with the
keywords and the years of publication.

Key words: Gene editing; RNA cleavage; Biotechnological tools

INTRODUCTION

Bacteria and archaea domains have developed different defense mechanisms against
foreign nucleic acids derived from bacteriophages and mobile genetic elements (MGEs),
among them, clustered regularly interspaced short palindromic repeats (CRISPRS) together
with “CRISPR associated proteins” (CAS) work together to form an adaptive immune
system called “CRISPR/Cas”. The system consists of several partially palindromic
conserved repeats separated by small, unique DNA patches, called spacers. They are
acquired from invading genetic elements, thus generating a “molecular memory” for further
targeting of a foreign nucleic acid using base complementarity of the coded sequence to
effect the cleavage (Barrangou et al., 2007; Garneau et al., 2010). CRISPR/Cas systems are
currently grouped into two distinct classes, six types and more than 30 subtypes that differ
in their components and mechanisms of action. The determining feature between two
classes is the effector nature of cleaving the target sequence; the Class 1 contains Cas
protein complexes with multiple subunits, while Class 2 is characterized by having only one
effector protein. The nature of Class 2 systems allows them to be widely employed in a
biotechnological toolkit since there are fewer components to use compared to Class 1
systems (Koonin et al., 2017). Over the past decade, the ability to reprogram Cas proteins
by creating crRNAs (guide RNAs) designed to bind and/or cleave specific DNA or RNA
sequences has made them useful in a variety of applications, including genome editing and
modulation, specific control of gene expression and nucleic acid detection (Wang et al.,
2016). The expansion in knowledge about CRISPR/Cas systems has motivated the
development of various research tools and has made a major impact in virtually all areas of
life sciences, supporting key applications in various areas such as biotechnology, agriculture
and medicine. The focus of this review is to provide a brief description of the current
knowledge of CRISPR/Cas system, describing its discovery, function, and classification,
especially concerning recent advances in the application of this powerful tool in
biotechnological research using Class 2. This review provides information about the
CRISPR/Cas system as well as the different class 2-based biotechnological applications.
Bibliographic sources were consulted to identify original studies developed with
CRISPR/Cas system, published in databases such as PubMed, Scopus, SciELO, “Periodicos
Capes”, and Google Scholar using the following keywords: CRISPR/Cas systems;
CRISPR/Cas Class 2 systems; Cas9; Casl2; Casl3; Genome editing and diagnostic
detection. As criteria for inclusion, consulted scientific articles were published from 2000 to
2019.

CRISPR/CAS SYSTEM DISCOVERY

CRISPR system was first reported in 1987, when Ishino et al. (1987) observed the
presence of a genetic structure containing five homologous repeats of 29 nucleotides being
interrupted by 32 non-repetitive nucleotide sequences (spacers) in E. coli during an analysis
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of gene sequences involved in phosphate metabolism. This was followed by numerous reports of
similar sequences in other microbes; however, until the mid-2000s there was no clear evidence
of the biological function or mechanism of these sequences (Van Soolingen et al., 1993). In
2002, the acronym CRISPR/Cas was officially named by Jansen et al. (2002) to bring uniformity
to the description of this sequences. In addition, the discovery of a conserved set of operon-
organized Cas genes located adjacent to a CRISPR locus, indicating the Cas genes along with
the CRISPR locus have a functional relationship in prokaryotic organisms (Van Der Oost et al.,
2009). The involvement of CRISPR elements as a hereditary adaptive immune system was
experimentally confirmed in 2005 when Bolotin et al. (2005), Mojica et al. (2005) and Pourcel et
al. (2005) independently reported in their research that spacers were similar to sequences derived
from invasive mobile genetic elements (MGESs), including bacteriophages, plasmids and
transposons. Indeed, comparative genomic analyzes have suggested that the CRISPR system and
Cas proteins actually work together and constitute an acquired immunity system to protect
prokaryotic cells against invading DNAs, similar to eukaryotic RNA interference system (RNAI)
(Mojica et al. 2016). In 2012 a major milestone in CRISPR technology revolutionized the field
of molecular biology and genetic engineering, the group led by Doudna and Charpentier
published an article revealing the first use of CRISPR with Cas9 endonuclease being
programmed with simple RNA molecules to cleave in vitro specific sites in DNA strands (Jinek
et al., 2012). Since this pioneering and subsequent works, the CRISPR / Cas system has gained
wide acceptance over other systems due to its simplicity, speed and efficiency in modifying
genes in any particular cell or tissue (Du et al., 2016).

CRISPR BIOLOGICAL MECHANISM: THE THREE PHASES OF
ADAPTIVE IMMUNITY

At the molecular level, CRISPR/Cas-mediated immunity works through three main
steps: spacer adaptation or acquisition; crRNA processing or maturation and target interference
or cleavage (Figure 1).
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Figure 1. CRISPR/Cas immune adaptive process. The CRISPR-Cas defense mechanism occurs in three stages:
adaptation, maturation and interference. (A) Adaptation: Invasive nucleic acid is recognized by the Cas1-Cas2
complex, incorporating the invasive sequence into the CRISPR spacer region. (B) Maturation: Pre-crRNA is
generated by transcription of the CRISPR region and is processed into smaller RNA units, creating individual
mature crRNAs. (C) Interference: Mature crRNAs guide Cas nucleases to specifically target their respective
target nucleic acid sequences, resulting in cleavage of foreign DNA or RNA.
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The adaptation or acquisition of spacers is the first stage in the construction of
prokaryotic cell genetic memory. During this stage, Casl and Cas2 are the major proteins
that plays crucial roles in recognizing and acquiring new protospacer DNA fragments as
new spacer sequences in the CRISPR matrix during the first exposure to foreign nucleic
acids (Figure 1A) (Yosef et al., 2012).

The second stage is crRNA processing, when after a second infection the
components for target nucleic acid cleavage are synthesized to form the RNA-guided
nuclease complex. Transcription of the CRISPR array begins with a primary RNA (pre-
crRNA) within the leader region which is subsequently processed into a set of mature
smaller RNAs (crRNA) which guide Cas proteins to invasive target sequences (Figure 1B)
(Deltcheva et al., 2011). Interference is the final stage of CRISPR adaptive immunity,
which results in the cleavage of foreign nucleic acid by Cas nuclease through proper base
pairing between the crRNA with the complementary sequence of double stranded DNA or
single stranded RNA (Figure 1C). Thus, the processing and interference steps would be
similar to the immune response of a “vaccinated” host against a particular specific nucleic
acid (Marraffini et al., 2010).

CRISPR/CAS SYSTEM DIVERSITY AND CLASSIFICATION

CRISPR/Cas systems exhibit remarkable diversity and are present in almost all
archaea, and in approximately 50% of analyzed bacteria domain, being absent in eukaryotes
and viruses (Makarova et al., 2015).

These systems are classified into two general classes based on phylogenetic
analysis, comparative genomics and protein constitution. Class 1 systems consist of a
complex machinery, with multiple Cas proteins assisting in the recognition and cleavage of
foreign nucleic acids, while in the Class 2 system, they are formed from a single
interference domain Cas effector protein. Interestingly Class 2 systems have only 10% of all
sequenced CRISPR/Cas loci in prokaryote genomes, almost all within the bacteria domain
(Wiedenheft et al., 2011).

CRISPR systems have been further classified into six types and grouped into two
classes: types I, 11l and IV (Class 1) and types Il, V and VI (Class 2), which are currently
subdivided into approximately 30 subtypes (Shmakov et al., 2015). Type I, I, and V (and
probably 1V) feature as target double stranded invading DNAs, while Type Il systems
cleave both DNA and RNA. Type VI systems exclusively cleave RNA, defending against
RNA phages. In addition, systems which operate through DNA segmentation, each
protospacer is made up of a short (2-5 bp) sequence called the protospacer adjacent motif
(PAM), which plays a key role in immunologic recognition and spacer acquisition. In
contrast, type Il and VI complexes are regulated by sequences flanking protospacers of the
target RNAs, referred as protospacer flanking site (PFS) (Koonin, 2017).

BIOTECHNOLOGICAL APPLICATIONS USING CRISPR-CAS CLASS 2
GENES

The molecular characteristics of CRISPR/Cas Class 2 systems are the most used
among researchers due to their simplicity and mechanism, depending only on small RNA
molecules and Cas-specific protein. Class 2 has provided the development of molecular
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toolkits for various purposes, initiated with type Il and followed by types V and VI
(Mohanraju et al., 2016).

Type 11: CRISPR/Cas9

Cas9 endonuclease was the first CRISPR-associated effector protein to be widely
used in genetic engineering. Cas9 has a bilobulated form containing a recognition lobe
(REC) and a nuclease lobe (NUC), while the REC lobe is composed of two targeting
domains, REC1 and REC2, the NUC lobe has the RuvC, HNH and Pl domains. The HNH
and RuvC nuclease domains are responsible for cleavage of the complementary and
noncomplementary DNA strands, respectively. The Pl domain recognizes the adjacent
protospacer motif (PAM) sequence in non-complementary chain. Mature crRNA associates
with a trans-activating crRNA (tracrRNA) resulting in a tracrRNA-crRNA secondary
structure that can direct Cas9 nuclease to induce DNA breaks in the PAM region
(Nishimasu et al., 2014).

The CRISPR/Cas9 system has been used efficiently by the scientific community in
different types of cells and organisms, including in therapeutic treatments of human
diseases such as cancer, genetic disorders, viral diseases, as well as use in plants, bacteria
and fungi.

- Oncology: The therapeutic uses of CRISPR/Cas9 system proved to be an
extremely valuable and efficient tool for cancer genetic research. CRISPR/Cas9 has been
used to accelerate the development of T cells chimeric antigen receptor (CAR) (Ren et al.,
2017). It can also be used with pro-apoptotic effect on cancer cells by knocking out
Programmed cell death protein 1 (PD-1) (Zhao et al., 2018). It can be used alone or in
combination with other treatments for in vitro and in vivo studies to combat the etiological
factors HPV16 and HPV18 of cervical cancer (Zhen et al., 2016);

- Genetic Diseases: For many genetic diseases CRISPR/Cas9 technology can be
used due its ability to produce genome-specific changes. This includes diseases such as
Duchenne muscular dystrophy (DMD) caused by mutations in a gene located on the X
chromosome. In this experiment, authors used a mouse model which have DMD, and
obtained a dystrophy gene mutation correction in its descendants, carrying 2-100% of the
corrected gene (Egorova et al., 2019). In another research authors were also able to correct
mutant intestinal stem cells of cystic fibrosis patients, and restore their function in vitro,
providing the first step to advance gene therapy in CRISPR cystic fibrosis patients
(Schwank et al., 2013). Clinical trial applications for the treatment of sickle cell disease
using the CRISPR/Cas system have also made promising advances by correcting disease-
causing mutations in pluripotent stem cells with Cas9-mediated activity and no off-target
effects (Li et al., 2016a).

-Viral Diseases: CRISPR systems can be employed to combat viral diseases by
disrupting viral replication mechanisms and restoring infected cells to normal. One of the
most intensely investigated viral diseases is HIV, for which CRISPR/Cas9 was widespread
in various therapeutic approaches. Kaminski et al. (2016) for example, employed
Cas9/crRNA machinery for precisely remove excision of the HVI-1 provirus, being
administered in culture of latently infected human CD4 + T cells. Recently, Wang et al.
(2018) demonstrated the SaCas9/sgRNA gene-editing complex could be programmed to
excise the latent HIV-1 provirus and therefore inhibit HVI-1 infection. In addition, Cas9 has
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been used to target conserved regions, which are responsible for the persistence and
replication of hepatitis B virus (HBV) (Zeisel et al., 2015);

- Antimicrobial Potential: Misuse or overuse of antibiotics has led to an increasing
number of antimicrobial resistant bacteria. CRISPR/Cas9 system can be used as alternative
to use alongside conventional antibiotics or as programmable antibiotic to deactivate
specific bacterial sequences, avoiding drug resistance or returning of bacterial toxicity by
cleaving crucial domains in your genome without disturbing remaining microbiota (Bikard
etal., 2014);

- Agricultural applications: The practicality provided by CRISPR/Cas9 technology
in genetic editing has provided user-friendly tools for developing new plant varieties,
improving agricultural production, conferring resistance to certain viral, fungal or bacterial
diseases, and modifying characteristics as the fruit size. The system was employed, for
example, to develop cucumbers with broad virus resistance without affecting plant
development (Chandrasekaran et al., 2016) and to improve yield of maize crops under water
stress (Shi et al., 2017). It has also been successfully applied to different fruit trees,
including strawberry (Zhou et al., 2018), banana (Kaur et al., 2018), apple (Nishitani et al.,
2016) and kiwi (Wang et al., 2018a).

Type V: CRISPR / Casl2

CRISPR-based genome editing tools have expanded by the discovery of new Class
2 effector proteins, such as type V proteins. Like Cas9 in size and shape, the Cas12 effector
protein consists into two main lobes: one encompasses a nuclease lobe (NUC) and another
of alpha helical recognition (REC). The REC lobe comprises two domains (REC1 and
REC2), while the NUC lobe is composed of the RuvC domains (subdivided into I, Il and
I11), PI, WED and BH, being absent the HNH domain, in contrast to the Cas9 endonuclease
(Safari et al., 2019).

The Casl2 system does not require a tracrRNA for processing mature crRNAS,
which are processed by ribonuclease activity of Casl2 itself. In addition, Cas12 generates
sticky ends which could increase the insertion efficiency of new DNA sequences in contrast
to blind ends created by Cas9 (Jeon et al., 2018). With these advantages, Cas12 system has
unique features to extend new genome editing tools, which can be used in a variety of
biological approaches, including base editing, multiplex gene segmentation and epigenetic
modulation (Safari et al., 2019).

Based on enzymatic characteristics Cas12 system was used to edit genome in
various organisms. Its function was initially tested in E. coli and obtained repression results
with high degree of specificity and little off-target effect (Zhang et al., 2017). Similarly, the
Cas12 system was used in Clostridium genus to produce a large number of chemicals and
fuels, such as n-butanol (Li et al., 2016b). In addition Cas12 has also been successfully used
for genome editing in mammals, including human cells (Tsukamoto et al., 2018) mice
(Teng et al., 2019) and swine (Wu et al., 2018).

The Cas12 system also has promises for use in nucleic acid detection methods for
human genotyping and pathogen detection. Chen et al. (2018) recently reported the
application of a technique for diagnosing invasive nucleic acids called DETECTR (DNA
Endonuclease Targeted CRISPR Transcript). The technique consists in the ability of Casl12a
endonuclease to cleave non-selective double stranded and single stranded DNA sequences
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triggered when crRNA binds to its complementary target DNA, allowing cleavage of
neighboring nucleic acids. In this experiment, DETECTR utilizes collateral cleavage
through a reporter nucleic acid that consists of a single stranded DNA containing a
fluorophore, so that fluorescence emission is activated in the degradation of target DNA.
Finally, another promising system developed called HOLMES (one-Hour Low-cost
Multipurpose Highly Efficient System) is an accelerated detection platform for target DNA
through a ternary complex (Casl2 - crRNA - target DNA), triggering trans-cleavage of
undirected DNA, generating fluorescence lighting. Besides being a diagnostic tool for
human disease, HOLMES can also be applied to determine homozygous and heterozygous
genotypes, environmental and food monitoring (Figure 2) (Li et al., 2018).

Cas12a Reaction

DOOOOCOOCOONE - DXOOX

0. 0.0.0.0.09.6.080 .04 XOOCX
/ / _E_/-
ssDNA Probe DNA target Casl2a ¢rRNA

Figure 2. Schematic illustration of HOLMES detection platform. In this platform, if a target DNA is in the
reaction system, the Cas12/crRNA binary complex forms a ternary complex with the target DNA, triggering the
Casl12 trans cleavage of the non-target DNA, generating fluorescence in the system.

Type VI: CRISPR / Casl3

While most CRISPR / Cas systems target double stranded DNA, type VI systems
are known to exclusively target RNA molecules. The Casl3 endonuclease adopts a
bilobulated architecture consisting of two distinct ribonucleases. An RNAse (REC) is
responsible for pre-crRNA processing to generate mature crRNA and remains in the region
after cleavage, forming the surveillance complex with Casl13. While the other RNase
activity (NUC) is formed by two HEPN domains (Higher eukaryote-prokaryote nucleotide-
binding domain), and together they form the target RNA cleavage site during viral
interference step (Ahmadzadeh et al., 2019).

Like Casl2a, Cas13 molecules exhibit activity referred to as “collateral cleavage”
when bound to a complementary target RNA (also known as "activator RNA"). The HEPN
region becomes able to cut not only the target RNA, but any exposed RNA molecule,
including free non-complementary RNA or unbound complementary target RNA, resulting
in target degradation as well as cleavage of other RNA sequences (Gootenberg et al., 2018).

Therefore, a great effort is being made to establish and implement new systems
capable of recognizing and/or cleaving selective CRISPR/Cas13-based RNA molecules,
increasing the usefulness of CRISPR-based research tools. In addition, potential
applications for new Cas13-based nucleic acid diagnostic platforms is enormous, including
standardized testing for various infectious diseases, leading to more fast and precise clinical
decision and point-of-care patient treatments.

The first of these platforms developed for molecular detection comprises the use of
Casl3a nuclease “collateral activity” and is called SHERLOCK (High Sensitivity Enzyme
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Blocker for Reporter). This system is based on the combination of Recombinase
Polymerase Amplification (RPA) and reverse transcription RPA (RT-RPA) isothermal
amplification steps. Following recognition of the target RNA by crRNA-Cas13a complex, a
fluorescent reporter RNA is cleaved through collateral activity providing an increase in
fluorescent signal resulting in rapid, sensitive and accurate detection of specific RNAs
(Gootenberg et al., 2017). More recently Gootenberg et al. (2018) introduced the
SHERLOCKV2 platform with significant advantages over the first version. This include
quantitative detection approach, enhanced sensitivity (below zeptomolar level), portability
and multiplex detection (up to four targets) in single reaction with the use of Cas13, Casl2a
and Csm6 proteins (which is a CRISPR type-Ill effector nuclease activated by cyclic
adenylate molecules or linear adenine homopolymers terminated with a 2',3'-cyclic
phosphate). In a further advance, Myhrvold et al. (2018) developed HUDSON (Heating
Unextracted Diagnostic Samples to Obliterate Nucleases), a protocol which eliminates the
need for nucleic acid extraction and allows the detection of pathogens directly from body
fluids. HUDSON linked to SHERLOCK enabled highly sensitive detection of dengue virus
in patients' blood, serum and saliva samples in less than two hours (Figure 3A-B).

. . D01 TRELLTTICL S Cas13a detection

DO WM oy

DO NN =

DOOOX | AN NG g/

DOV NN

DOOODC NS W4

DX NSNS
/n\/\/\/k{\jcu‘/n:}_

Figure 3. Schematic illustration of rapid diagnostic test associating HUDSON and SHERLOCK. (A) HUDSON
is a SHERLOCK-linked method that eliminates the need for nucleic acid extraction through chemical reduction
and heat to lyse viral particles and inactivate high levels of nucleases present in body fluids by releasing nucleic
acids directly. (B) SHERLOCK integrates RT-RPA isothermal nucleic acid amplification with T7dependent
transcription of the target RNA through Cas13-mediated cleavage of nonspecific RNA coupled to a fluorophore.

Finally, Cas13 systems have already been used for other research tools involving
target RNA degradation (Abudayyeh et al., 2016), RNA editing (Cox et al., 2017), live cell
transcript screening (Abudayyeh et al., 2017), regulation of pre-mRNA splicing
(Konermann et al., 2018) and resistance to plant virus RNA (Aman et al., 2018).

FINAL CONSIDERATIONS

There is no doubt that CRISPR/Cas-based technology, especially using class 2 has
provided more accessible and adaptable tools for editing, regulating, visualizing and
detecting genomes of different organisms. In addition to enabling rapid development in
biological research and biotechnology applications in different areas, the discovery of this
prokaryotic immune system has been a milestone in the history of microbiology. Using
recent approaches to bioinformatics, a surprising number of new CRISPR/Cas systems have
been unveiled, further expanding knowledge about the CRISPR “universe”, which will
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serve not only to extend the CRISPR/Cas “toolbox” but also in understanding the various
ways which prokaryotes can protect themselves from exogenous nucleic acids. However, as
CRISPR revolution continues, several challenges and concerns associated with this
technology are also increasing, raising social and ethical issues discussed by scientists and
the general population, especially in gene therapy applications. In humans for example, it
was recently reported by a Chinese scientist, Dr. He Jiankui, the birth of twins from
embryos whose genome had been modified before their transfer to the womb. The
modification was performed using CRISPR/Cas9 disabling copies of the CCR gene with the
stated goal of preventing transmission of any HIV infection transmitted by the parent.
Although a plausible justification appears, the lack of any confirmed assessment of
consequences of this action casts doubt on why the scientist performed such a procedure,
further raising concerns about these applications, including probable genetic inequality and
its long-term ramifications. In addition, concerns such as off-target effect, adaptive immune
responses in humans, and inadvertent changes in human germline have been reported.
Therefore, CRISPR-based therapy still has a long way to go, with several limitations to
address.

Concluding, the perspectives for CRISPR technology are certainly positive.
Improvements in conventional tools are expected, and even more spectacular applications
are anticipated. Similarly, regulatory agencies will need to consider the best way to promote
responsible use of this method without impeding research and technological development.
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