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Current Research and Future Prospects for the CRISPRCas9 System
Introduction
Large public interest has sparked in the recent years with the breakthrough geneediting
potential of the modified version of the bacterially derived CRISPRCas9 system. This system
allows the user to accurately locate and splice out specific target sequences within the DNA
genome. The system analogously resembles a spellcheck and is able to cut out the unfavorable
nucleotide and then input the correct nucleotide. The potential applications of the CRISPRCas9
system are seemingly limitless. It has the capability of completely curing genetic diseases,
manipulating bacteria to efficiently develop new biomaterials and biofuels, and making
agricultural crops environmentally resistant and immune to pathogens.[1]

When researchers started testing the CRISPRCas9 system, they found that the system
made cuts at sites that were not the target sequence. These offtarget sites can result in very
unfavorable mutation outcomes, with oncogenesis being the most detrimental.[3] There exists a
growing interest on the manipulation of this system for humanitarian purposes. As the recent
patent battle between the UC and the Broad Institute has indicated, there exists significant
scientific and financial interests in developing and owning the intellectual property for the
application of the CRISPRCas9 system for human therapeutic and quality of life purposes. The
potential to cure geneticrelated diseases such as sickle cell anaemia and cystic fibrosis makes
CRISPR a very exciting field of study for biomedical researchers.

In order for researchers to develop therapeutic applications, there exists a need to increase
the detection limit to unbiasedly profile all offtarget sites within the target genome as well as a
method of completely eliminating potentially deleterious offtarget site cleavages. These needs
will be fulfilled by further research on the mechanisms underlying target site identification by the
CRISPRCas9 system, the catalytic mechanism of Cas9, and a deeper understanding for
protospacer adjacent motif(PAM)dependency.[2]

Background
Since its discovery in 2012, the modified version of the CRISPRCas9 system has lead to
a cascading research effort and interest to learn and optimize the system in hopes of producing
humanitarianly beneficial applications. The CRISPRCas9 system has many benefits over its
gene editing predecessors such as zinc finger nuclease(ZFN) and transcription activatorlike
effector nuclease(TALEN). CRISPRCas9 has more target sites than ZFN and TALEN and Cas9
has many variants that can be used. Additionally, the system is incredibly easy to learn and use
and can be executed in almost any laboratory setting.[5]
As previously stated, the CRISPRCas9 system originates from the bacterial adaptive
immune system. When a bacteriophage injects its genetic material into the targeted bacterial
host, the bacterium responds by forming a complex through translating a CAS enzyme and
transcribing guidance RNA(gRNA) matching the foreign genetic material. The complex then
scans for foreign genetic material matching the gRNA and if one matches, the complex cleaves
the foreign matter, disabling it. If the viral material is new, the bacterium will transcribe a special
Cas enzyme that reads the new genetic material and creates a copy to add to the CRISPR locus
library. This hence, is the adaptive part of the bacterial immune system which learns from new
foreign genetic material to prevent future infections.

Current Research

Highfidelity CRISPRCas9 Nucleases with no detectable genomewide offtarget effects

In 2016, Kleinstiver’s group developed a method to reduce and nearly eliminate offtarget
effects of CRISPRCas9 Nucleases. The group first hypothesized that offtarget effects were
caused by the complex possessing more energy than is needed for optimal recognition of its
intended target DNA site, thereby enabling cleavage of mismatched offtarget sites.[4] The group
references structural studies noting that the complex encompasses several DNA contacts,
including four direct hydrogen bonds to the phosphate backbone of the target DNA strand. They
predicted that disrupting one or more of these contacts may alter the energetics of the complex so
that it retains enough for ontarget activity, but diminished effects for mismatched offtarget sites.

The group found that all of the modified complexes had onsite cleavage activities
comparable to the unmodified complex, thus relegating the notion that changing one or more of
these contacts did not reduce the ontarget cleavage efficiency. The group tested for offtarget
activities for all the variant complexes and found the complex with four substitutions showing
minimal offtarget cleavages. The group then used the GUIDEseq method to identify the
cleavage activity of their modified complex with the unmodified variant. They note that their
modified complex had comparable ontarget activities to the unmodified version and more

importantly, had little to no detectable offtarget activities. The group emphasises the need to
define the mechanism by which their modified complex achieves its high genomewide
specificity.

GUIDEseq enables genomewide profiling of offtarget cleavage by CRISPRCas nucleases

In 2015, Tsai’s group announced their novel method of detecting genomewide offtarget
cleavage sites in human cell lines through the application of CRISPR RNAguided
nucleases(RGN). The existence of these offtarget cleavage sites manifested the inherent flaws of
the CRISPRRGN system and a need to better understand why these offtarget cleavages occur.
Prior to Tsai’s article, there also existed a need for a more sensitive and accurate method of
detecting these unintended cleavages. These offtarget cuts often result in insertion/deletion
mutations(indels) which may lead to unfavorable outcomes such as oncogenesis. At the time of
publication, the authors demonstrated that their method of detecting RGN offtarget activities
were more accurate and sensitive than previously demonstrated methods such as ChIPseq,
which utilizes a modified version of the Cas9 enzyme.[7]

The authors emphasize that comprehensive knowledge of offtarget effects by RGNs
could minimize the risks associated with deleterious outcomes and indels. In addition to indels of
nucleotide bases, larger scale translocations of on and off targets can occur from RGNinduce
cleavages. They state the importance of identifying even lowfrequency alterations since
therapeutic strategies will involve using RGNs to modify large cell populations. Thus, having a
map of all alterations, including lowfrequency ones, will allow researchers to develop more
accurate strategies to decrease known offtarget sites. The authors stated previous methods such
as whole genome resequencing as impractical due to the inefficiently large cost of sequencing
large number of genomes only to locate lowfrequency offtarget events. They also discuss the
ChIPseq method, which identifies offtarget binding sites by using a catalytically dead version
of the Cas9 enzyme(dCas9).

The GUIDEseq method consists of two stages and a schematic overview is shown
above. In the first stage, RGNinduced double stranded breaks(DSBs) in human cell genomes are
tagged by integrating a blunt, doublestranded oligodeoxynucleotide(dsODN) at these breaks
through an endjoining process such as nonhomologous end joining(NHEJ).[3] Initially, the
authors did not find much marker integration into the RGNinduced DSBs. As indicated by the
figure below, the authors found that adding phosphothiorate linkages to the markers at both the
5’ and 3’ ends significantly increased integration efficiencies of the dsODNs. The strands are
then sheared to around 500 base pair(bp) lengths.

Stage two was a strategy to selectively amplify and sequence, unbiasedly, only fragments
bearing the integrated dsODNs. The sheared strands with the dsODN markers are precisely
mapped at the nucleotide level using unbiased amplification and nextgeneration sequencing.
The process involved ligating next generation sequencing adapters to both ends of the sheared
strands containing dsODN markers. The researchers then performed PCR initiated with one
primer annealing to the dsODN marker, and another primer annealing to the sequencing adapters.

The authors performed GUIDEseq with Cas9 and ten different gRNAs targeted at
various human genes. By analyzing the dsODN integration sites, they were able to identify the
precise genomic locations of the RGNinduced DSBs mapped to the nucleotide level, as
indicated on the figure above. The higher the read count at a particular nucleotide, the more
likely the DSB occurred at that location. The authors note, as shown on the figure below, that
they observed a positive linear correlation between GUIDEseq read counts and indel mutation

frequencies for offtarget sites for the RGNS. Thus, the authors concluded that GUIDEseq read
counts for a given site provide a quantitative measure of the cleavage affinity of that sequence by
an RGN.

The authors then tested computational prediction softwares to locate offtarget sites with
their GUIDEseq method. They used the two popular programs: MIT CRISPR design tool and
ECRISP. They found that the algorithms implemented within these programs were inaccurate in
predicting offtarget sites that were found using GUIDEseq. They authors state that the
programs did not account for offtarget sites bearing more than three to four mismatches. In the
figure below, the yellow(left) circles indicates the offtarget sites predicted by the respective
algorithmic programs. The blue(right) circles indicate offtarget sites located using the
GUIDEseq method. The beige(middle) circles indicate offtarget sites that were correctly
predicted by the algorithmic programs. Clearly, these algorithmic programs overpredicted the
number of offtarget sites, as well as inaccurately predicting these offtarget sites.

The authors also compared their method to the ChIPseq method by evaluating the results
from four RGNs that the ChIPseq experiment also utilized. They found very little overlap
between offtarget sites found by the two methods. The authors believe this is due to the dCas9
enzyme having different offtarget binding sites to an active Cas9 enzyme. This also implies that
using an active Cas9 enzyme for identifying these offtarget sites is superior due to mimicking
the actual enzyme responsible for cleavages as supposed to a modified version which does not
cleavage. The authors conclude that the larger number of offtarget sites identified by ChIPseq
were inaccurate and mis correctly identifies offtarget sites.

Conclusion
Since its discovery in 2012, there have been a plethora of research articles related to the
advancement and understanding of the CRISPRCas9 system, with the end goal being: to have
enough knowledge of the system to develop safe humanitarian applications. Within a span of a
few years, we have learned of the unwanted offtarget effects of unmodified gRNA guided
CRISPRCas9 complexes. Many researchers seeked methods to precisely locate all offtarget
sites caused by unmodified complexes as well as methods to modify the complex to lower and
ultimately inhibit offtarget cleavage from occurring. Kleinstiver and Tsai’s group are pioneers in
the field for developing, to date, the most accurate method to detecting offtarget activity as well
as modifying the complex to almost eliminate offtarget cleavage. However, there still exists a
current need of understanding the mechanism of the CRISPRCas9 system.
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