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Major advances in the field of molecular biology have been catalyzed by the discovery of 
technologies to manipulate DNA both in vitro and in vivo. The modern era of DNA manipulation 
began in the early 1970s with the purification of bacterial restriction endonucleases that cleave 
DNA at specific nucleotide sequences. This was followed closely by the development of 
recombinant DNA techniques involving the use of restriction enzymes in conjunction with DNA 
ligases and polymerases [1971-1972], DNA sequencing (1977), the polymerase chain reaction 
(1985), and the commercialization of next-generation high-throughput DNA sequencing 
technologies (2006). Combined with classic genetic techniques, it has been possible since the 
mid 1980s to readily make site-specific changes in the genes of bacteria, yeast, and a variety of 
fungi, where specific DNA sequences or a set of random mutations, generated in vitro, can be 
inserted into the genomes of the target organisms by homologous recombination at the locus of 
interest. 
 
In contrast to prokaryotes and fungi, making comparable site-specific changes in the genomes 
of most plants and animals is far more tedious. Random mutations at a particular locus can be 
achieved if it is possible to generate a double-stranded break (DSB) at the locus; highly 
conserved non-homologous end joining (NHEJ) DNA repair mechanisms repair the DSB with a 
high likelihood of introducing small insertions or deletions (indels), which can lead to frame-shift 
mutations. Alternatively, supplying a DNA template in vivo with a desired mutation or more 
complex construct (e.g., a gene fusion) can result in the substitution of the desired sequences at 
the site of the DSB by homology-directed repair (HDR) mechanisms (i.e., homologous 
recombination). Making random mutations in a specific gene has been limited, however, by the 
ability to introduce DSBs at a particular locus in vivo.  
 
Until about three years ago, improvements in the in vivo genetic engineering of specific genes in 
plants and animals have relied on technologies involving the combination of a protein that has 
been engineered to bind to a specific DNA sequence with a nuclease that introduces a double-
strand break at the target site. These technologies rely on zinc finger nucleases (ZFNs) and 
transcription activator-like effector nucleases (TALENs) to create the necessary DNA binding 
specificity.  
 
We are now at the dawn of a new era in our ability to manipulate the genomes of plants and 
animals, made possible by the discovery of RNA-guided site-specific nucleases (RGNs) in 
bacteria and archaea. These nucleases utilize RNA molecules (guide RNAs) homologous to a 
specific target sequence to “guide” the RGN to specifically introduce a DSB in a gene or locus of 
interest. RNA-guided nucleases were discovered in the course of basic research studies in a 
wide variety of bacteria as a key component of an immune system that protects prokaryotes 
from viral attack. These immune systems consist of loci that encode an RGN adjacent to a 
series of repeat sequences interspersed with short fragments of viral genomes that have 
previously infected the particular strain of bacteria. The repeat sequences were called CRISPRs 
(clustered, regularly interspaced, short, palindromic repeats) before their function was known, 
and the associated RGNs are now called CRISPR-associated (CAS) nucleases. CRISPR loci 
were first described in 1987 and first shown to constitute a prokaryotic immune system in 2006.  
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The best-described CRISPR-CAS system is from the bacterium Streptococcus pyogenes. This 
immune system consists of two RNAs that bind to a single RGN, the CAS9 RNA-guided 
nuclease. The first RNA molecule is called the crRNA and consists of a 20-nucleotide sequence 
corresponding to a viral DNA signature (so-called proto-spacer sequence) and part of the 
CRISPR repeat sequence. The second RNA molecule is called the transactivating CRISPR-
RNA or tracrRNA, and is also encoded at the CRISPR locus. The Cas9 nuclease, when bound 
to these two RNAs, targets viral sequences complementary to the guide crRNA as long as the 
target sequence is directly 5’ to a so-called protospacer adjacent motif (PAM), with the 
sequence NGG, where “N” can be any nucleotide. The absence of PAM (NGG) sequences at 
the CRISPR locus prevents the Cas9 RGN from cleaving the CRISPR locus itself. 
 
The CRISPR-Cas9 system from S. pyogenes was chosen for genetic engineering purposes for 
two major reasons. First, it was shown that the crRNA and tracrRNA, both of which are crucial 
for Cas9 targeting and function, are functional when fused as a single RNA molecule. This 
engineered crRNA plus tracrRNA RNA molecule is referred to as a single-guide RNA (sgRNA) 
or more simply as a guide RNA (gRNA). Second, the RGN encoded by S. pyogenes, is a single 
protein, whereas the RGNs encoded by a variety of other bacteria are multi-subunit proteins. 
Thus, in order to use the Cas9 nuclease to introduce a DSB in vivo at the locus N20-NGG, it is 
only necessary to engineer the in vivo production of the Cas9 protein and a gRNA molecule in 
which the first 20 nucleotides correspond to 20 nucleotides directly 5’ of an NGG sequence. The 
3’ end of the gRNA allows it to bind to the Cas9 nuclease.  
 
Ever since a demonstration of the simplicity of the S. pyogenes Cas9 nuclease for gene editing 
was published in 2012, especially in comparison with ZNFs and TALENs, there has been an 
explosion of publications concerning the use of the Cas9-gRNA system for a wide variety of in 
vivo gene editing applications. This is illustrated in the figure , which shows the number of hits in 
PubMed with the search term “CRISPR” from 2002 through 2014. Among 1598 articles that 
included that CRISPR search term, 232 were reviews, a ratio of one review for seven research 
articles, a telling indication of a “hot” field. 

  
 
In the past couple of years, the Cas9-gRNA system has been used to carry out genome editing 
in large variety of species and cell types, including human and mouse tissue culture cells and a 
variety of animals and plants, including several fungi, metazoans (C. elegans, fruit flies, 
salamanders, frogs, mice, rats, and monkeys), and plants (Arabidopsis, rice, wheat, tobacco, 
and sorghum). The Cas9-gRNA system can also be used to edit multiple genes simultaneously 
or to carry out genome-wide gene inactivation studies to determine the functions of specific 
genes. Fortunately, the specificity of the Cas9-gRNA system appears to be very high, with a 
relatively low level of off-target effects. 
 
Implementing Cas9-gRNA gene editing requires the engineering of the bacterial Cas9 protein to 
function in a particular eukaryotic cell type, for example by codon optimization and the addition 
of a nuclear localization signal, as well as by the engineering of a gRNA, including its 
expression from a suitable promoter. Delivery of Cas9 and gRNAs into cells and organisms can 
be accomplished by a variety of techniques including electroporation, transfection, or the use of 
viral vectors. In many case, it is also possible to deliver in vitro–transcribed gRNA directly into 
cells or embryos, including C. elegans, fruit flies, zebra fish, and mice. In the case of plants, 
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Cas9 and gRNAs can be transfected into protoplasts or delivered into plant tissues by 
Agrobacterium tumefaciens–mediated transfer. 
 
Interestingly, Cas9 contains two nuclease domains, one of which cleaves the DNA strand 
complementary to the gRNA, whereas the other cleaves the opposite strand. Mutating one of 
these domains turns Cas9 into a DNA nickase, which can be used in some HDR-mediated 
gene-editing applications. Mutating both domains creates a nuclease-dead Cas9, which 
nevertheless binds to DNA and can be engineered by the addition of suitable domains to 
function either as a transcriptional activator or repressor. Such constructs can be used in 
genome-wide studies to study the phenotypic effects of gene knockdowns, analogously to 
genome-wide RNAi. Although most RGN-mediated gene-editing studies to date have been 
carried out with the Cas9-gRNA system from S. pyogenes, many other CRISPR-CAS systems 
are available for potential genetic engineering purposes, including RGNs that utilize different 
PAM sequences. 
 
The Current Protocols series has already published two detailed protocols on the Cas9-gRNA 
system: “Mouse Genome Editing Using the CRISPR/Cas System” by D.W. Harmes et al. in 
Current Protocols in Human Genetics, and CRISPR/Cas9-Directed Genome Editing of Cultured 
Cells” by L. Yang et al. in Current Protocols in Molecular Biology. A Cas9-gRNA protocol for 
genome editing in Drosophila is currently in press in CPMB, and CPMB protocols for 
Arabidopsis and zebrafish have been commissioned. Additional Cas9-gRNA protocols will be 
commissioned in the near future. 
 
In closing, it is important to point out that the development of the Cas9-gRNA system of genome 
editing was a completely unintended consequence of basic research in prokaryotic species, 
demonstrating that support for fundamental research, independent of its potential applications, 
is a key driver of scientific and technological innovations. It is also important to stress that the 
Cas9-gRNA technology now affords scientists unprecedented ability to genetically engineer the 
genomes of all organisms on earth, including man. This has important ethical implications for 
the future of the human race that need to be addressed by scientists working in conjunction with 
appropriate policy planners. 
 
 
 

 


