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Introduction to Addgene’s CRISPR eBook

If you work in molecular biology chances are you’ve heard of CRISPR. This amazing technology, best 
known for its use in fast and easy genome editing, has accelerated research in many basic and applied 
disciplines. 

As the tools developed around CRISPR have grown, so too have the resources available at Addgene 
thanks to the generous contributions of depositors working in the field. To better help you understand 
how to use these resources, we’ve been steadfast in our efforts to keep the CRISPR educational 
content on both our website and our blog up to date. 

Now, to help you best utilize CRISPR and the plasmids kindly deposited by your colleagues we’ve 
compiled this comprehensive eBook. Whether you’re looking to use CRISPR for the first time, need 
some advice on a particular CRISPR technique, or would simply like to learn more about how CRISPR 
came about, we hope that you’ll find something interesting. 

If you have any questions about the eBook, have suggestions for new content, or would just like to 
send us a note, please contact us at blog@addgene.org. Happy reading and good luck with your 
experiments!

- The Addgene Team

Join our community!

@addgene

blog.addgene.org

www.addgene.org

http://blog.addgene.org/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
http://www.addgene.org?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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Chapter 1 - Introduction to CRISPR

Components of CRISPR/Cas9
 By Joel McDade | Feb 2, 2016, Updated Mar 26, 2020 by Jennifer Tsang

At their most basic level, CRISPR/Cas9 genome editing systems use a non-specific endonuclease 
(Cas9 or closely related Cpf1) to cut the genome and a small RNA (gRNA) to guide this nuclease to a 
user-defined cut site. After reading this article, we hope you will be caught up on much of the major 
CRISPR lingo and will be able to describe the functions of the various CRISPR/Cas9 components. 
Please note that while this article is intended to provide a general overview of CRISPR components, 
new Cas9 variants are being discovered all the time and the requirements of these different systems 
can vary (for example, xCas9 is a variant with increased PAM flexibiliy and eSpCas9/SpCas9-HF1 have 
increased targeting specificity).

Cas9 endonuclease functions
While native CRISPR/Cas systems have a variety 
of enzymes responsible for processing foreign 
DNA as well as the RNA guides required for 
endonuclease function, when used for genome 
engineering, the only CRISPR protein required 
is the Cas9 endonuclease or a variant thereof. 
This individual protein has all the components 
necessary to:

1. Bind to a guide RNA
The guide RNA, which will be described in more 
detail below, enables Cas9 to cut a specific 
genomic locus of many possible loci. Without 
binding to the guide RNA, Cas9 cannot cut.

2. Bind to target DNA in the presence of a guide 
RNA provided that target is upstream (5’) of a 
protospacer adjacent motif (PAM)
The gRNA and the Cas9 endonuclease come together to form the Cas9:gRNA complex.
Cas9 endonuclease binding to the target genomic locus is mediated both by the target sequence 
contained within the guide RNA and a 3-base pair sequence known as the Protospacer Adjacent 
Motif or PAM. In order for dsDNA to be cut by Cas9, it must contain a PAM sequence immediately 
downstream (3’) of the site targeted by the guide RNA. In the absence of either the guide RNA or a 
PAM sequence, Cas9 will neither bind nor cut the target. Cas9 homologs from different organisms or 
Cas9 mutants developed in a variety of labs (see table below) have different PAM requirements. These 
different PAM requirements allow researchers to target many different genomic loci.

Figure 1: The gRNA, which contains a spacer 
and scaffold sequence binds to Cas9 to form the 
Cas9:gRNA complex.

https://blog.addgene.org/enhancing-crispr-targeting-specificity-with-espcas9-and-spcas9-hf1?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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Components of CRISPR/Cas9 (CONT’D)

3. Cleave target DNA resulting in a double-strand 
Cas9 and its variants have two endonuclease domains: the n-terminal RuvC-like nuclease domain and 
the HNH-like nuclease domain near the center of the protein. Upon target binding, Cas9 undergoes a 
conformational change that positions the nuclease domains to cleave opposite strands of the target 
DNA. Thus, the end result of Cas9-mediated DNA damage is a DSB within the target DNA ~3-4 nucleotides 
upstream of the PAM sequence.

Species/Variant of Cas9 PAM Sequence
Streptococcus pyogenes (SP); Sp-
Cas9

3’ NGG

SpCas9 D1135E variant 3’ NGG (reduced NAG binding)
SpCas9 VRER variant 3’ NGCG
SpCas9 EQR variant 3’ NGAG
SpCas9 VQR variant 3’ NGAN or NGNG
xCas9 3’ NG, GAA, or GAT
SpCas9-NG 3’ NG
Staphylococcus aureus (SA); Sa-
Cas9

3’ NNGRRT or NNGRR(N)

Acidaminococcus sp. (AsCpf1) and 
Lachnospiraceae bacterium (Lb-
Cpf1)

5’ TTTV

AsCpf1 RR variant 5’ TYCV
LbCpf1 RR variant 5’ TYCV
AsCpf1 RVR variant 5’ TATV
Campylobacter jejuni (CJ) 3’ NNNNRYAC
Neisseria meningitidis (NM) 3’ NNNNGATT
Streptococcus thermophilus (ST) 3’ NNAGAAW
Treponema denticola (TD) 3’ NAAAAC

Table 1: Cas9 species/variants and PAM sequences
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The synthetic guide RNA or gRNA (sometimes sgRNA)
In the native Type II CRISPR/Cas system, Cas9 is guided to its target sites with the aid of two RNAs: the 
crRNA which defines the genomic target for Cas9, and the tracrRNA which acts as a scaffold linking 
the crRNA to Cas9 and facilitates processing of mature crRNAs from pre-crRNAs derived from CRISPR 
arrays. In most systems used for CRISPR-mediated genome editing, these two small RNAs have been 
condensed into one RNA sequence known as the guide RNA (gRNA) or single guide RNA (sgRNA). 
We’ll refer to this RNA complex as the “gRNA”. The gRNA contains both the 20 nucleotide target 
sequence to direct Cas9 to a specific genomic locus and the scaffolding sequence necessary for Cas9 
binding. When using CRISPR/Cas9 for genome editing, researchers simply need to express a gRNA 
designed to direct Cas9 to their target sequence of choice (see tips for designing a gRNA) and their 
prefered Cas9 variant (with the appropriate PAM sequence) to modify the desired genomic locus.
vv

https://blog.addgene.org/which-cas9-do-i-choose-for-my-crispr-experiment?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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Anti-CRISPR Proteins Switch Off CRISPR-Cas 
Systems
By Beth Kenkel | May 23, 2017, Updated Jul 23, 2020 by Jennifer Tsang	

CRISPR-Cas technology is constantly evolving. Variants of Cas proteins can be used for genome 
editing, activating gene expression, repressing gene expression, and much more. But there’s one thing 
that was missing: a way to shut off Cas’s activity. The concern is that the longer Cas remains active in 
a cell, the greater chances there are for off-target edits to occur. Although methods to switch on Cas 
activity using light or drugs have been developed, the field lacked an “off-switch” for Cas proteins.

Discovery of anti-CRISPR proteins
That is, until the discovery of anti-CRISPR proteins in 2012 (Bondy-Denomy et al., 2012). Anti-CRISPR 
(Acr) proteins are phage-derived small protein inhibitors of CRISPR-Cas systems that help phages 
evade the CRISPR-Cas immune system of bacteria. These Acr proteins were originally found in type I 
CRISPR-Cas systems.  

Four years later, the Sontheimer and Davidson labs discovered three anti-CRISPRs for a type II system 
in Neisseria meningitidis (Nme) (Pawluk et al., 2016). While Streptococcus pyogenes Cas9 (SpyCas9) is 
the most used and well studied CRISPR system, N. meningitidis can also be used for genome editing. 
In this study, the labs found that anti-CRISPR prevents Cas9 activity in HEK293 by reducing editing 
from ~30% in control samples to 0-10% in Acr samples. Acr proteins can also be used to prevent dCas9 
tethering to DNA.

Since these early anti-CRISPR studies, scientists have discovered over 50 anti-CRISPR proteins that 
interact with CRISPR-Cas systems such as Cascade-Cas3, Cas9, Cas12, and Cas13 (Marino et al., 2020). 
Some Acr proteins are specific to a particular Cas protein while others can inhibit CRISPR enzymes 
from multiple species of bacteria. 

A note on anti-CRISPR nomenclature
Acr family proteins are named for the type of CRISPR-Cas system they block and are numbered in 
order of discovery (Bondy-Denomy et al., 2018). For example, AcrIIA4 mentioned above indicates that 
it’s the fourth Acr protein discovered that blocks type II-A CRISPR-Cas systems. A full list of Acr proteins 
organized by the type of CRISPR-Cas system they block can be found here.

How do anti-CRISPR proteins work?
Anti-CRISPRs proteins are highly diverse but most block CRISPR activity one of three ways:

Inhibit DNA binding: AcrIIA4 blocks Cas9’s interaction with the PAM site (Dong et al., 2017), and 
AcrIIC3 causes Cas proteins to dimerize which blocks the PAM recognition site (Harrington et al., 2017).

Chapter 1 - Introduction to CRISPR

https://www.nature.com/articles/nature11723
https://www.ncbi.nlm.nih.gov/pubmed/23242138
https://www.ncbi.nlm.nih.gov/pubmed/23242138
https://www.addgene.org/Erik_Sontheimer/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/browse/article/24753/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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https://www.nature.com/articles/d41586-020-00053-0
https://www.nature.com/articles/s41592-020-0771-6
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https://docs.google.com/spreadsheets/d/17BR_Cy2jmokSKVZQwq7U6QgMUCUM5OBjnVnWbmsc6Eg/edit#gid=1244120310
https://pubmed.ncbi.nlm.nih.gov/28448066/
https://www.sciencedirect.com/science/article/pii/S0092867417308735
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Systems (CONT’D)

Inhibit crRNA loading: AcrIIC2 interactions with Cas9 interferes and prevents the correct assembly of 
the crRNA-Cas complex (Zhu et al., 2019).

Inhibiting DNA cleavage: AcrIIC1 binds to the HNH endonuclease domain of Cas9 and prevents target 
DNA cleavage (Harrington et al., 2017). 

Figure 1: Anti-CRISPR proteins (Acr’s) can block CRISPR activity in many ways such as 
inhibiting crRNA loading, inhibiting DNA binding, or inhibiting DNA cleavage.

Using anti-CRISPR proteins in your experiments
Reducing off-target effects

Prolonged Cas activity can increase the chance of off-target editing particularly after the majority of on-
target editing has occurred. Anti-CRISPR proteins can be used to limit this off-target editing, but when 
is the best time to shut off Cas activity? Using inhibitor timing experiments, the Doudna lab found that 
at least 50% of on-target Cas9 edits happens within the first six hours. When added to human cells six 
hours after the introduction of Cas9 RNPs, AcrIIA4 reduced off-target editing while still allowing on-
target editing (Shin et al., 2017).

Acrs could also be used to reduce off-target edits of base editors, which convert a nucleotide base pair 
to another base pair at a specific site.

Temporal, spatial, or conditional control of CRISPR activity

Regulating Acr proteins by inducible promoters, light, or small molecules could achieve rapid, dynamic, 
and spatial control of CRISPR-Cas activity. For example, fusing AcrA4II to the photo-sensitive LOV2 
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domain allows anti-CRISPR activity to be controlled by blue light (Bubeck et al., 2018).

Reduce cytotoxicity of CRISPR-Cas editing in tissues

The small size of Acr proteins (~50-200 amino acids) means they can be delivered in vivo using AAV 
vectors. Having a way to shut off CRISPR-Cas systems prevents the off-target effects and cytotoxicity 
that result from excessive nuclease activity in tissues (Li et al., 2018).

Selection marker while engineering viruses

Acr genes can be used as positive selectable markers in engineering viruses. For example, an Acr 
gene was used to replace genes in the difficult-to-engineer Sulfolobus islandicus rod-shaped virus 
2 (Mayo-Muñoz et al., 2018). Only viral particles that have the gene deletion could replicate when 
challenged with the S. islandicus CRISPR-Cas system.

Phage therapy

Phage therapy uses phage to treat bacterial infections as an alternative to antibiotics. But because 
many bacterial pathogens possess CRISPR-Cas systems, phage therapy might not be as effective. This 
is where Acr proteins come in. Acr proteins are small enough that they could be engineered to “armor” 
therapeutic phages to protect them from pathogenic bacteria’s CRISPR-Cas system.

Conclusion
CRISPR is a great way to make those genome edits. But, just as important is a way to flip the switch 
and turn off CRISPR activity. The ability to turn off CRISPR activity is an important step towards CRISPR-
based therapies and for more precise editing in the lab.
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CRISPR Glossary

Base editor
Fusion of a Cas protein to a deaminase that enables direct base conversion in RNA or DNA without a 
DNA double-strand break

Cas
CRISPR Associated Protein, includes nucleases like Cas9 and Cas12a (also known as Cpf1)

CRISPR
Clustered Regularly Interspaced Short Palindromic Repeat, a bacterial genomic region used in 
pathogen defense

CRISPRa
CRISPR Activation; using a dCas9 or dCas9-activator with a gRNA to increase transcription of a target 
gene

CRISPRi
CRISPR Interference; using a dCas9 or dCas9-repressor with a gRNA to repress/decrease transcription 
of a target gene

Cut
A DNA double-strand break; the wild type function of most Cas nucleases

dCas9
Nuclease dead Cas9, an enzymatically inactive form of Cas9; can bind, but cannot cleave DNA

DSB
Double-Strand Break, a break in both strands of DNA

Dual nickase/Double nick
A method to decrease off-target effects by using a single Cas9 nickase and 2 different gRNAs, which 
bind in close proximity on opposite strands of the DNA, to create a DSB

enChIP
Engineered DNA-binding molecule-mediated ChIP, using a tagged-dCas9+gRNA to purify specific 
genomic regions to identify molecules associated with the genomic regions
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Genetic modification or manipulation
Any genetic perturbation, including genetic knockout, gene activation, or gene repression

gRNA
Guide RNA, a synthetic fusion of the endogenous bacterial crRNA and tracrRNA that provides both 
targeting specificity and scaffolding/binding ability for Cas9 nuclease. This synthetic fusion does not 
exist in nature and is also commonly referred to as an sgRNA.

gRNA scaffold sequence
The sequence within the gRNA that is responsible for Cas9 binding, it does not include the 20 bp 
spacer/targeting sequence that is used to guide Cas9 to target DNA

gRNA targeting sequence
The 20 nucleotides that precede the PAM sequence in the genomic DNA. This sequence is cloned into 
a gRNA expression plasmid but does NOT include the PAM sequence or the gRNA scaffold sequence

HDR
Homology Directed Repair, a DNA repair mechanism that uses a template to repair DNA nicks or DSBs

Indel
Insertion/deletion, a type of mutation that can result in the disruption of a gene by shifting the ORF and/
or creating premature stop codons

NHEJ
Non-Homologous End Joining; a DNA repair mechanism that often introduces indels

Nick
A break in only one strand of dsDNA

Nickase
Cas9 with one of the two nuclease domains inactivated. This enzyme is capable of cleaving only one 
strand of target dsDNA.

CRISPR Glossary (CONT’D)
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CRISPR Glossary (CONT’D)

Off-target effects or off-target activity
Cas9 cleavage at undesired locations due to gRNA targeting sequence with sufficient homology to 
recruit Cas9 to unintended genomic locations

On-target activity
Cas9 cleavage at a desired location specified by a gRNA target sequence

ORF
Open Reading Frame; the translated codons that make up a gene

PAM
Protospacer Adjacent Motif; sequence adjacent to the target sequence that is necessary for Cas 
enzymes to bind target DNA

PCR
Polymerase Chain Reaction; used to amplify a specific sequence of DNA

Target locus
Genomic target of the gRNA. The sequence includes the unique ~20 bp target specified by the gRNA 
plus the genomic PAM sequence
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DNA lesions are sites of structural or base-pairing damage of DNA. Perhaps the most harmful type of 
lesion results from breakage of both DNA strands – a double-strand break (DSB) – as repair of DSBs 
is paramount for genome stability. DSBs can be caused by intracellular factors such as nucleases and 
reactive oxygen species, or external forces such as ionizing radiation and ultraviolet light; however, 
these types of breaks occur randomly and unpredictably. To provide some control over the location 
of the DNA break, scientists have engineered plasmid-based systems that can target and cut DNA at 
specified sites. Regardless of what causes the DSB, the repair mechanisms function in the same way.

In this article, we will describe the general mechanism of homology directed repair with a focus on 
repairing breaks engineered in the lab for genome modification purposes.

How does homology directed 
repair fix double-strand breaks? 
Genome stability requires the correct and efficient 
repair of DSBs. In eukaryotic cells, mechanistic 
repair of DSBs occurs primarily by two pathways: 
Non-Homologous End-Joining (NHEJ) and 
Homology Directed Repair (HDR). NHEJ is the 
canonical homology-independent pathway as 
it involves the alignment of only one to a few 
complementary bases for the re-ligation of two 
ends, whereas HDR uses longer stretches of 
sequence homology to repair DNA lesions.

This article focuses on HDR, which is the more 
accurate mechanism for DSB repair due to the 
requirement of higher sequence homology between 
the damaged and intact donor strands of DNA. The process is error-free if the DNA template used for 
repair is identical to the original DNA sequence at the DSB, or it can introduce specific mutations into 
the damaged DNA.

There are four different HDR pathways to repair DSBs. Here are three central steps of the HDR 
pathways:

•	 The 5’-ended DNA strand is resected at the break to create a 3’ overhang. This will serve as both a 
substrate for proteins required for strand invasion and a primer for DNA repair synthesis.

•	 The invasive strand can then displace one strand of the homologous DNA duplex and pair with the 

Figure 1: The HDR repair template contains a specific 
change in the middle of sequences homologous to the 
genomic DNA. After a Cas9-induced DSB, the break is 
repaired by HDR which introduces the specific change 
into the genomic DNA.

Chapter 2 - Cas Functions: Generating Knockout

Homology Directed Repair
By Chari Cortez | Mar 12, 2015, Updated Jul 27, 2020 by Christina Mork
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other; this results in the formation of the hybrid DNA referred to as the displacement loop (D loop). 
This is the defining point of HDR.

•	 The recombination intermediates can then be resolved to complete the DNA repair process.

Homology directed repair 
pathways
HDR can occur either non-conservatively or 
conservatively. The non-conservative method 
is composed of the single-strand annealing 
(SSA) pathway and is more error prone. The 
conservative methods, characterized by the 
accurate repair of the DSB by means of a 
homologous donor (e.g., sister chromatid, 
plasmid, etc), are composed of three 
pathways: the classical double-strand break 
repair (DSBR), synthesis-dependent strand-
annealing (SDSA), and break-induced repair 
(BIR).

Classical double-strand break repair (DSBR)

In the classical DSBR pathway, the 3’ ends 
invade an intact homologous template to 
serve as a primer for DNA repair synthesis, 
ultimately leading to the formation of double 
Holliday junctions (dHJs). dHJs are four-
stranded branched structures that form when 
elongation of the invasive strand “captures” 
and synthesizes DNA from the second DSB 
end. The individual HJs are resolved via 
cleavage in one of two ways. Looking at the 
left branch of the figure, each junction resolution could happen on the crossing strand (horizontally 
at the purple arrows) or on the non-crossing strand (vertically at the orange arrows). If resolved 
dissimilarly (e.g. one junction is resolved on the crossing strand and the other on the non-crossing 
strand), a crossover event will occur; however, if both HJs are resolved in the same manner, this results 
in a non-crossover event. DSBR is semi-conservative, as crossover events are most common. This 
animation nicely illustrates the DSBR pathway.

Figure 2: Illustration of double strand break repair by DSBR 
and SSDA. Image from Emw2012.
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Homology Directed Repair (CONT’D)

Synthesis-dependent strand-annealing (SDSA) pathway

As illustrated on the right branch of the figure above, SDSA is conservative, and results exclusively in 
noncrossover events. This means all newly synthesized sequences are present on the same molecule. 
Unlike DSBR, following strand invasion and D loop formation in SDSA, the newly synthesized portion 
of the invasive strand is displaced from the template and returned to the processed end of the non-
invading strand at the other DSB end. The 3’ end of the non-invasive strand is elongated and ligated to 
fill the gap, thus completing SDSA.

Break-induced repair (BIR) pathway

BIR is not as well characterized as either DSBR or SDSA, but one central feature of this pathway is the 
presence of only one invasive end at a DSB that can be used for repair. This single invasive strand 
invades a homologous sequence and initiates both leading and lagging strand synthesis, which results 
in the formation of one HJ. This HJ is resolved by cleavage of the crossed strand. While this pathway 
may not be immediately applicable in DSB-induced gene targeting or relevant to plasmid-based 
genome engineering, it may have biological importance for the repair of chromosome ends that have 
no second end that would enable DSBR or SDSA.

Homology directed repair and genome engineering
Plasmid-based methods that induce DSBs have employed homologous recombination for genome 
engineering. Zinc finger nucleases (ZFNs), TAL effector nucleases (TALENs), and CRISPR can all direct 
a nuclease to cause a specific DSB. The ease of creating guides, the speed of the system, and its 
targeting versatility have not just reinvigorated genome engineering, but have really revolutionized the 
field.

General considerations for designing a repair template to create mutations

HDR templates used to create specific mutations or insert new elements into a gene require a certain 
amount of homology surrounding the target sequence that will be modified. Scientists have been most 
successful using homology arms that start at the CRISPR-induced DSB. In general, the insertion sites 
of the modification should be very close to the DSB, ideally less than 10 bp away if possible. Check 
out our article on Improving HDR efficiency for more details on how “Cut-to-Mutation distance” affects 
editing efficiency.

One important point to note is that the CRISPR enzymes may continue to cleave DNA once a 
DSB is introduced and repaired. As long as the gRNA target site/PAM site remain intact, the Cas9 
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endonuclease will keep cutting and repairing the DNA. This repeated editing is problematic if you 
are trying to introduce a very specific mutation or sequence. To get around this, you should design 
the HDR template in such a way that will ultimately block further Cas9 targeting after the initial DSB is 
repaired. Two ways to block further editing are mutating the PAM or the gRNA seed sequence.

What makes the best repair template: plasmid DNA or single-stranded donor oligonucleotide 
(ssODN)?

When designing your repair template, the size of your intended edit is a big factor. ssDNA templates 
(referred to as ssODNs) are commonly used for smaller modifications. Small insertions/edits may 
require as little as 30-50 bases for each homology arm, but keep in mind these numbers may vary 
based on your locus of interest and experimental system. 50-80 base homology arms are commonly 
used. Asymmetric homology arms (36 bases distal to the PAM and 91 bases proximal to the PAM) 
supported HDR efficiencies up to 60% (Corn et al., 2016).

Due to the difficulties associated with creating ssODNs longer than 200 bases, researchers have used 
dsDNA plasmid templates for larger insertions such as fluorescent proteins or selection cassettes. 
These templates should have homology arms of at least 800 bp. HDR efficiency with plasmid 
templates is generally low; to increase the frequency of edits, researchers have designed self-
cleaving plasmids that contain gRNA target sites flanking the template. When the Cas enzyme and the 
appropriate gRNA(s) are present, the template is liberated from the vector. To avoid plasmid cloning, 
scientists also use PCR-generated long dsDNA templates, but these templates may be toxic to cells, 
thus lowering editing efficiency. Another disadvantage of dsDNA templates is their ability to bluntly 
integrate into the genome, duplicating the homology arm sequences. 

Easi-CRISPR is a technique to allow researchers making large mutations to take advantage of 
the benefits of ssODNs (Quadros et al., 2017). To create ssODNs longer than 200 bases, you in 
vitro transcribe RNA encoding your repair template, then use reverse transcriptase to create the 
complementary ssDNA. Easi-CRISPR works well in mouse knock-in models, increasing editing 
efficiency from 1-10% with dsDNA to 25-50% with ssODNs. Although HDR efficiency varies across loci 
and experimental systems, ssODN templates generally provide the highest frequency of HDR edits. 

Promoting HDR over NHEJ

To promote HDR over the more common NHEJ repair mechanism, strategies such as inhibiting NHEJ 
and activating HDR have been used. Rees et al. and Nambiar et al. have used HDR factors such as Rad 
variants like Rad18 (Nambiar et al., 2019) and hRad51 (Rees et al., 2019) to activate HDR. Inhibitors such 
as CYREN can be used to inhibit NHEJ (Arnoult et al., 2017), while a Cas9 fusion to dominant negative 
53BP1 both inhibits NHEJ and activates HDR (Jayavaradhan et al., 2019).

https://pubmed.ncbi.nlm.nih.gov/26789497/
https://blog.addgene.org/easi-crispr-generating-knock-in-and-conditional-mouse-models?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://pubmed.ncbi.nlm.nih.gov/31101808/
https://pubmed.ncbi.nlm.nih.gov/31363085/
https://www.addgene.org/browse/article/28204061/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/browse/article/28197743/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/browse/article/28192128/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/browse/article/28203952/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/browse/article/28203952/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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3 Tips to Improve HDR Efficiency for CRISPR 
Editing in Human Cells
By Dominik Paquet and Dylan Kwart | Sept 5, 2017

The CRISPR/Cas9 system is a versatile tool for precise gene editing in many organisms and model 
systems. We have used CRISPR/Cas9 extensively to make sequence-specific changes in human 
induced pluripotent stem cells (iPSCs). The CRISPR/Cas9 complex is very efficient at introducing 
double stranded breaks (DSBs) into genomic DNA in many cell types and often results in biallelic 
modifications. Most commonly, DSBs are repaired by the nonhomologous end-joining (NHEJ) pathway, 
leading to non-specific nucleotide insertions, deletions or other mutations, referred to as ‘indels’. While 
this is convenient for generating gene knockouts, NHEJ repair does not allow introduction of specific 
sequence changes. 

To generate a specific sequence change the cell must undergo homology-directed repair (HDR), a 
distinct cellular DNA repair pathway. Accomplishing this usually involves simultaneously introducing 
a homologous DNA repair template, such as a single-stranded oligodeoxynucleotide (ssODN), which 
contains the intended sequence changes to be incorporated into the edited genome. In mammalian 
cells such as stem cells, HDR is relatively rare and DSBs are predominantly repaired by NHEJ. While 
other groups have focused on strategies to improve overall HDR rates, we have shown recently that 
desired genome-editing events by HDR can be generated more efficiently by (1) improving editing 
accuracy by preventing re-editing and (2) optimizing “cut-to-mutation distance”. Furthermore (3), 
we have developed a framework that, by combining these two strategies allows you to specifically 
incorporate homo- or heterozygous mutations.

1. Increasing HDR accuracy with CRISPR/Cas-blocking mutations
After genome editing with CRISPR/Cas9 in human cells was described in 2013 (Cong et al., 2013, 
Mai et al., 2013) we were very excited to set up a CRISPR-based editing platform in our lab. Our goal 
was to use the system to introduce disease-causing mutations in iPSCs (or correct them back to 
wild type), differentiate them into somatic cells affected by the disease, and study what’s wrong with 
the cells. However, our excitement turned into frustration when we sequenced our cells and found 
how inefficiently our edits were being introduced. Although we were able to introduce the desired 
mutations in genes associated with dementia, such as APP and PSEN1, in most cases the intended 
HDR events were corrupted by unwanted indels on the same allele, probably due to concomitant NHEJ 
repair. At the PSEN1 locus, over 90% of the HDR edited alleles had unwanted insertions/deletions, 
therefore making those alleles useless for our studies. If one now also takes into account that HDR is 
rare, usually 2-5% of the edited cells in our hands, these combined pitfalls made it virtually impossible 
to find the 0.2-0.5% correctly edited alleles, when screening reasonable amounts of single cell clones. 
Furthermore, CRISPR/Cas9 editing is often bi-allelic, meaning that even if one allele is accurately 
edited, the other likely contains unwanted indels.

Following this observation, we tested a strategy that was discussed in the field at the time but had 
never been systematically analyzed: introducing silent CRISPR/Cas9 blocking mutations in either the 
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3 Tips to Improve HDR Efficiency for CRISPR 
Editing in Human Cells (CONT’D)

PAM (changing one of the G’s in SpCas9’s PAM to an A, T or C – but avoiding NAG) or guide RNA 
target (“seed”) sequence. The idea was that these “blocking mutations” mutations prevent CRISPR 
from re-cutting the target sequence once the desired edit has been introduced.

We found that blocking mutations increased the accuracy of editing by up to 10-fold per allele. This is a 
100-fold increase in editing accuracy if both alleles in a single cell are edited (Paquet, Kwart, et al., 
2016). For those of you involved in the tedious business of iPSC clone picking, a 100-fold decrease is 
the difference between picking 100 versus 10,000 clones! We would therefore strongly encourage any 
researcher to incorporate CRISPR/Cas-blocking mutations at both targeted alleles when gene editing.

Figure 1: Techniques to improve editing efficiency.

But what’s better: PAM-blocking or guide RNA blocking mutations? This depends entirely on the locus 
you are editing, and if the blocking mutation needs to be silent. In our view, it’s always best to change 
the PAM site, however we have also demonstrated the efficiency of guide RNA blocking mutations. So 
if the locus does not allow blocking the PAM sequence (e.g. if it would lead to a missense or nonsense 
mutation), blocking the guide RNA binding site works well. However, since some guide RNAs may 

https://www.ncbi.nlm.nih.gov/pubmed/27120160
https://www.ncbi.nlm.nih.gov/pubmed/27120160
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tolerate a mismatch in the binding sequence, we recommend changing several bases as close to the 
PAM as possible (see below to find out why).

What if your locus does not allow you to use permanent blocking mutations at all, such as when you 
are editing a non-coding DNA region? To this end we developed a technology called CORRECT, which, 
by undergoing two rounds of gene-editing enables scarless introduction of an intended mutation while 
taking advantage of the improved efficiency provided by blocking mutations. Essentially, you: 

Step 1 - Introduce the blocking mutation together with the intended sequence change and screen a 
few hundred clones to find the right one.

Step 2 – Edit the cells a second time using a repair template that corrects the blocking mutation and 
again identify the right clone from a few hundred.

From these two steps, you’ll be screening a total of a few hundred clones - Still better than 10,000, 
right? (Kwart, Paquet, et al  2017).

2. Optimizing “cut-to-mutation distance” 
Even though we had controlled over-active Cas9 and 
repeated our experiments with blocking mutations, we 
still weren’t entirely happy with our editing outcomes and 
in many cases still didn’t get what we wanted. The indels 
were gone from most HDR reads that we studied by 
deep sequencing, but interestingly (and to our frustration) 
in many cases we only saw incorporation of the blocking 
mutation. Despite the fact that both the blocking mutation 
and our intended mutation were on the same oligo, the 
intended mutation was rarely incorporated. It seemed 
that the cell was only using a part of the repair template 
and mutations further away from the cut site were not 
efficiently incorporated during HDR.

We decided to systematically characterize this 
phenomenon and found a general relationship between 
the distance of a mutation from the CRISPR/Cas9 cut site and how frequently it is incorporated. We 
were surprised to see how rapidly the efficiency of mutation incorporation falls with increasing distance 
from the cut site. If the distance is only 10 bp, the efficiency already drops by half and after only about 
30 bp, it is no longer feasible to incorporate mutations without screening thousands of clones to find 

Figure 2: Relationship between cut site to 
mutation distance and editing efficiency.
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a positive one. So if you have better things to do than clone picking, choose your guide RNAs wisely 
(and let them cut close). 

3. Optimizing “cut-to-mutation distance” for homo or 
heterozygous mutations
When thinking further about the distance relationship described above, we realized that, in addition 
to increasing mutation incorporation efficiency, we might exploit this relationship to direct the zygosity 
of the cells. This was important for us because the Alzheimer mutations we study are heterozygous in 
patients. As the probability of mutation incorporation drops with increasing cut-to-mutation distance, 
the mutation may only be inserted at one of the alleles, but not the other – the efficiency of editing is 
just too low for one to expect two successful mutations in a single cell.

We calculated the likelihood of obtaining homo- and heterozygous mutations by multiplying the single 
allelic mutation incorporation probabilities our data revealed, and found that for generating a 
homozygous HDR event with optimal efficiency, a guide RNA targeting a cut <10 bp from the desired 
mutation should be used. For a heterozygous event, the cut should ideally be around 5 to 20 bp away 
from the cut site. Lastly, if a heterozygous event is desired but only guide RNAs that target very close 
to the intended mutation site are available, a repair template containing blocking and intended 
mutations can be equally mixed with another 
ssODN template that contains the same CRISPR/
Cas-blocking mutation but not the intended 
mutation. Here, the blocking-only templates will 
compete with the blocking/intended mutation 
templates resulting in cells that use one or the 
other on each target site.

Taken together, for efficient and specific 
introduction of a desired sequence change by 
HDR, the optimal guide RNAs should not only have 
sufficient on-target and very low off-target activity, 
but should also mediate a DSB at optimal distance 
from the intended mutation site, depending on 
the desired zygosity. Furthermore, re-editing 
activity of the guide RNA should be minimized by 
incorporating CRISPR/Cas-blocking mutations into 
the HDR repair template.

Figure 3: Optimal cut site to mutation distances for 
heterozygous and homozygous mutations.
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Non-homologous End Joining
By David Wyatt and Dale Ramsden | Apr 16, 2015, Updated Sep 1, 2020 by Christina Mork

One advantage to using the CRISPR/Cas system for genome engineering is the fact that Cas9 can 
be easily programmed to make a DNA double strand break (DSB) in the genome wherever the user 
chooses. After the initial cut, the next steps in the process involve repairing chromosomal DSBs. It 
is important to know that cells possess two major repair pathways – Non-Homologous End Joining 
(NHEJ) and Homology Directed Repair (HDR) – and how these pathways work, as this could be relevant 
when planning your experiment. Here, we’ll discuss NHEJ, and how it impacts what happens to Cas9-
mediated DSBs in the genome.

Non-homologous end joining steps
Unlike HDR, NHEJ is active throughout the cell cycle and has a higher capacity for repair, as there is no 
requirement for a repair template (sister chromatid or homologue) or extensive DNA synthesis. NHEJ 
also finishes repair of most types of breaks in tens of minutes – an order of magnitude faster than HDR. 
NHEJ is consequently the principle means by which CRISPR/Cas9-introduced breaks are repaired.

The following factors are required for NHEJ repair regardless of end structure, and dictate the major 
events of the pathway:
1.	 Broken ends are recognized by loading of the Ku70/Ku80 heterodimer.
2.	 Ku then acts as a scaffold for recruitment of a kinase (DNA-PKcs) and a two subunit DNA ligase 

(XRCC4-ligase IV); together with some accessory factors (PAXX, XLF), this complex holds a pair of 
DNA ends together, forming a paired end complex.

3.	 The paired end complex then ligates compatible DNA ends together, thus repairing the break.

This is a simplified, streamlined version of this pathway and does not consider the missing or damaged 
nucleotides that are common to biological sources of DSBs, and which need to be processed. 
Processing occurs prior to ligation as incompatible DNA ends interfere with that step. Accordingly, 
NHEJ has a vast toolbox of processing factors, including polymerases (Pol μ and Pol λ), nucleases 
(Artemis), and structure-specific end cleaning enzymes (Aprataxin, Tdp2) that function to make ends 
better substrates for ligation. Although we do not describe these steps here, the processing of DNA 
ends tends to be the point where mutations are introduced.

Repair of Cas9-induced breaks by NHEJ
As illustrated on the next page, NHEJ-mediated repair of Cas9-generated breaks is useful if the intent 
is to make a knockout in your gene of interest, as it is prone to generating indel errors. Indel errors 
generated in the course of repair by NHEJ are typically small (1-10 bp) but extremely heterogeneous. 
There is consequently about a two-thirds chance of causing a frameshift mutation. Of some 
importance, the deletion can be less heterogeneous when constrained by sequence identities in 
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flanking sequence (“microhomologies”).

Figure 1: The components involved in repairing a DSB using NHEJ.
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Non-homologous End Joining (CONT’D)

NHEJ doesn’t obligatorily introduce indels. Given the end structure of the Cas9 DSB (blunt or near-
blunt ends without nucleotide damage) such products are rare, probably accounting for less than 5% 
of repair events. However, the products of accurate repair are easily re-cleaved while indel products 
aren’t, so repeated cycles will favor accumulation of the latter products. As noted above, a single cycle 
of cleavage and accurate repair should take less than an hour, thus a population of cells constitutively 
expressing a targeted Cas9 should possess indels in the majority of their chromosomes within a day. 
Another factor expected to impact repair is that the Cas9 protein doesn’t immediately release from 
the broken end after cleavage, which may interfere with loading of Ku and normal NHEJ activity. Other 
factors can also influence NHEJ activity. For example, repressing RecA and overexpressing the NHEJ 
machinery improved NHEJ accuracy in M. smegmatis (Yan et al., 2020).

NHEJ can also be engaged by variants of the canonical Cas9 approach. A pair of CRISPR guides that 
flank regions of hundreds or more DNA base pairs can simultaneously introduce a pair of chromosome 
breaks, and could result in deletion of the intervening DNA (“pop-out” deletions) if NHEJ joins the distal 
ends together. Similarly, it may be possible to directly insert an exogenous DNA fragment at a Cas9 
targeted break (or pair of breaks) by NHEJ-dependent repair (“pop-in” insertion) provided a template 
containing compatible overhangs is available. Cas9 can also be altered to generate a targeted single 
strand break when two such breaks are introduced near each other, in opposite strands. This “double 
nickase” strategy vastly reduces breaks and mutations at off-target sites.

https://mbio.asm.org/content/11/1/e02364-19.long
https://mbio.asm.org/content/11/1/e02364-19.long
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PITChing MMEJ as an Alternative Route for Gene 
Editing
By Mary Gearing | Feb 23, 2016

If you follow CRISPR research, you know all about using non-homologous end-joining (NHEJ) to make 
deletions or homology-directed repair (HDR) to create precise genome edits. But have you heard of 
another double-stranded break repair mechanism: MMEJ (microhomology-mediated end-joining)? 
MMEJ, a form of alternative end-joining, requires only very small homology regions (5-25 bp) for 
repair, making it easier to construct targeting vectors. Addgene depositor Takashi Yamamoto’s lab has 
harnessed MMEJ to create a new method for CRISPR gene knock-in, termed PITCh (Precise Integration 
into Target Chromosomes). Using their PITCh plasmids, GFP knock-in cell lines can be created in about 
a month and a half, without the need for complicated cloning of homology arms.

MMEJ: An Introduction
There are three primary methods for repairing DNA after a double-stranded break. HDR copies the 
sequence from a repair template with flanking sequence homology for error-free DSB repair. NHEJ 
joins the ends of a DSB in an error-prone fashion, with insertions and deletions common. In contrast, 
MMEJ uses regions with 5-25 bp of microhomology flanking a DSB to repair DNA. The DNA ends are 
chewed back to reveal homology, allowing the strands to anneal. DNA synthesis then fills in the gaps. 
The end result is a deletion of the region between the microhomology and the retention of a single 
microhomology sequence. 

Figure 1: Three methods for double stranded break repair.
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Compared to its counterparts NHEJ and HDR, MMEJ doesn’t get a lot of press. However, this process 
accounts for a percentage of the mutations seen with TALENs and CRISPR. MMEJ is active during M 
and early S phases, when HDR is inactive, and the balance of NHEJ, HDR, and MMEJ repair varies from 
organism to organism. MMEJ doesn’t yield a “perfect repair” like HDR, but it’s much more predictable 
than NHEJ. As seen in Figure 1, short (5-25 bp) regions of homology flanking a double-stranded break 
yield precise deletion of the sequence between the microhomologies.

MMEJ has certain advantages over HDR. Some species don’t have good HDR systems, and NHEJ 
will be favored even if a repair template is present. HDR also presents a cloning dilemma - the longer 
the homology, the more efficient the recombination, but with longer homology arms comes more 
time spent cloning. In contrast, the short homology required by MMEJ can easily be added via PCR 
amplification. Given the inefficiency of HDR for knock-ins, some labs have used NHEJ for whole 
plasmid integration; however, since NHEJ is error-prone, such a system is likely to introduce additional 
nucleotides flanking the insertion. If the DNA ends anneal incorrectly, MMEJ may also introduce, 
substitute, or delete nucleotides in addition to the expected deletion, but the frequency should be 
lower than that observed with NHEJ.

PITCh: Using MMEJ for gene knock-in
Building on the lab’s previous work, Sakuma et al. describe a detailed protocol for MMEJ-mediated 
knock-in of a GFP-Puro cassette into a given locus, just upstream of a stop codon. Briefly, the PITCh 
vector should be constructed with 5’ and 3’ microhomology to the insertion locus flanking the GFP-
Puro cassette. Three double stranded breaks are necessary for knock-in: one on either side of the 
GFP-Puro cassette and one in between the 5’ and 3’ microhomologies in the genomic locus. The first 
two breaks are induced via a generic PITCh-gRNA; the third break by an insertion locus-specific gRNA. 
These double stranded breaks allow for two sets of microhomologies (5’ and 3’) to anneal, knocking 
the GFP-Puro cassette into the locus (see Figure 2). The double-MMEJ strategy looks very similar to 
HDR, but it is accomplished using much smaller regions of homology, which facilitates easier cloning.

Abbreviated protocol for PITCh
Step 1: Generate microhomologies in the PITCh vector
~20 bp 5’ and 3’ microhomologies are added to the GFP-Puro cassette via PCR, and this construct is 
inserted into the PITCh vector via In-Fusion or SLIC cloning.

Step 2: Design an insertion locus-specific gRNA
The gRNA should target near the last coding exon of your gene of interest. For ideal use, this gRNA 
should be cloned into a vector containing Cas9 and the PITCh-gRNA.
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PITChing MMEJ as an Alternative Route for Gene 
Editing (CONT’D)

Step 3: Contransfect the PITCh vector with the vector carrying Cas9 and the PITCh- and locus-spe-
cific gRNAs

Step 4: Select for puromycin resistant cells

Step 5: PCR amplify and sequence the locus to verify correct GFP-puro insertion
To lower the risk of off-target effects, Sakuma et al. optimized the PITCh-gRNA for minimal off-target 
binding in mammalian genomes as assessed by CRISPR design tools at crispr.mit.edu. They tested 
their system in HEK293 cells, integrating the GFP-Puro cassette into the FBL locus. Upon sequencing 
of puromycin resistant clones, they found that 80% and 50% of clones displayed proper insertion at 
the 5’ and 3’ junctions, respectively. These results indicate that PITCh is a robust method for genomic 
insertion. PITCh can also be adapted for whole-plasmid integration if you’d like to integrate a larger 
amount of material into the genome.

 
Figure 2: An overview of PITCh.

https://zlab.bio/guide-design-resources
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Open questions and alternative systems
The ready-made PITCh plasmids available from Addgene are perfect for expressing GFP from a 
given promoter, and the technique can be adapted to other transgenes. It’s important to note that the 
fluorescence level observed will be dependent on both the endogenous promoter and the 3’ UTR of 
the locus of interest, since the GFP-Puro will be inserted just upstream of a stop codon. One potential 
concern is if the GFP-Puro will alter expression of the gene it follows.

For increased versatility, it would be advantageous to adapt PITCh to insert genes into AAVS1, the 
“safe harbor locus” of the human genome, as shown by Dalvai et al., who used HDR to insert cDNA 
constructs into this locus. One important question to ask is how the efficiency of PITCh-based genomic 
insertion would compare to CRISPR sticky-end insertion using the nuclease Cpf1. Since Cpf1 cuts in a 
staggered pattern, it is thought to be ideal for HDR-independent knock-ins, but this possibility is still 
being explored.

More broadly, their use of MMEJ represents another strategy researchers can exploit for CRISPR gene 
editing. In organisms where HDR is downregulated, MMEJ represents another method for making 
targeted modifications. A recent publication by Zhang et al. shows just that - using MMEJ to insert 
FLAG tags into the genome of the pathogenic fungus Aspergillus fumigatus, which has been difficult 
to modify due to NHEJ’s dominance over HDR in this species. As CRISPR technology continues to 
develop, it’s become clear that the power of this editing platform lies in the diversity of nucleases and 
their applications. It will be interesting to see what new editing possibilities MMEJ can enable.
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Validating Your Genome Edit
By Melina Fan  | Jul 30, 2015 , Updated Oct 9, 2020 by Michael Lemieux

You’ve created your gRNA expression construct and used Cas9 to introduce it into your target cells. 
Hooray! You’re ready to begin reading out data, right? Almost. In this article, we’ll explain how to verify 
that your cells were appropriately edited. We’ll also cover the basic techniques for detecting insertion, 
deletion, and mutation events.

Process overview
The method for validating your genome edit will vary by species and the type of edit. In this article, we 
will focus on diploid mammalian cells, but many of the principles will hold across different model 
organisms.

Figure 1: The workflow for verifying genome edits vary depending on type of edit 
(indel vs. HDR).
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Introducing Cas9 and a gRNA into your cells (possibly along with a donor template) will result in a 
mixed population of cells. Following the introduction of a Cas9-mediated double strand break (DSB) 
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in mammalian cells, cellular machinery repair the DSB by non-homologous end joining (NHEJ) or 
homology directed repair (HDR). Repair via the NHEJ pathway predominates in mammalian cells 
resulting in the creation of indel errors, short heterogeneous insertions and deletions of nucleic acid 
sequences, at the site of the DSB. In addition to the heterogeneity of indels introduced at Cas9-
induced DSBs, allelic editing frequencies will vary as well. The HDR pathway requires the presence 
of a repair template, which is used to fix the DSB in a more specific manner. HDR faithfully copies the 
sequence of the repair template to the cut target sequence. Some cells will not be edited, some will 
have one allele edited, and some will have both alleles edited.

The first step in the validation process is to quickly assess whether a significant number of the cells 
have been edited (see Figure 1). For indels, this is visualized using a mismatch cleavage assay (see 
Figure 2). For HDR, this is often visualized by a change in the restriction pattern at the site of interest 
or via a reporter readout. For deletions (see Figure 3), this is visualized by a decrease in size of a PCR 
product produced by primers flanking the region to be deleted.

Once you know that a portion of your cells have been edited, you can go on to create clonal cell lines. 
Serial dilutions can be used to isolate single cells followed by an expansion period to generate these 
lines. If you have a fluorescent protein marker on your plasmid, you can use FACS to enrich the cells 
that received Cas9 and your gRNA. After expansion, assay each cell line and sequence the region of 
interest in order to validate the genome edit as described in Figure 1. But don’t stop there, because 
you can potentially validate your edit at four different levels (DNA, RNA, protein, and phenotype). 
Depending on the nature of your edit, something like qRT-PCR could be used to demonstrate a 
difference in mRNA transcript levels. A western blot can assess protein expression, and phenotypic 
analyses will be crucial to demonstrate the functional consequences of your edit. We’ll focus mostly on 
validation at the DNA level, so read on to learn more!

Mismatch cleavage assay to detect indels
A mismatch cleavage assay is a quick and easy way to detect indels. SurveyorTM nuclease is commonly 
used for this purpose, as it cleaves both DNA strands 3’ to any mismatches. It can detect indels of up to 
12 nucleotides and is sensitive to mutations present at frequencies as low as 1 in 32 copies.

Mismatch cleavage assays typically consist of four steps: 1) PCR amplify the region of interest, 2) 
denature the strands and rehybridize to allow for the mutant and wild-type strands to anneal, 3) treat 
annealed DNA with SurveyorTM nuclease to cleave heteroduplexes, and 4) analyze DNA on an agarose 
gel or other instrument that separates DNA based on size. Figure 2 illustrates how the assay works. In 
this example, both +gRNA lanes contain cleaved fragments of the expected sizes, indicating that the 
gRNAs successfully produced indels in the target region. This assay is often used semi-quantitatively, 
and in this case, gRNA1 appears to be more efficient at producing indels than gRNA2. This is because 

Figure 2: The mismatch cleavage assay 
quickly detects indels using a nuclease that 
cleaves mismatched strands after PCR.
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of the greater intensity of the lower molecular weight 
bands on the gel for gRNA1, which suggests that it 
generated more indels that could be recognized and 
cleaved by SurveyorTM nuclease.

If you’d prefer an alternative to the mismatch cleavage 
assay as a means of semi-quantitatively detecting 
indels, you could also try RFLP analysis. RFLP stands 
for Restriction Fragment Length Polymorphism, and 
can be used when indels either create or abolish 
restriction endonuclease recognition sites. Following 
PCR amplification of the target region and subsequent 
digestion with appropriate enzymes, the DNA can be run 
on an agarose gel or other instrument that separates DNA 
based on size, and the restriction pattern analyzed to 
determine the degree of indel formation in your polyclonal 
cell population. RFLP analysis has an advantage over 
the mismatch cleavage assay because it can detect 
homozygous mutations. The major disadvantage is that 
you must have an altered restriction recognition site for 
this approach to work.

Detect homology directed repair
If you want to mutate your region of interest using HDR, 
it is advisable to first determine whether your gRNA 
efficiently cutts your target sequence by creating indels 
and conducting a mismatch cleavage assay. Once you’ve 
selected your optimal gRNA, introduce it along with Cas9 

in mammalian cells, cellular machinery repair the DSB by non-homologous end joining (NHEJ) or 
homology directed repair (HDR). Repair via the NHEJ pathway predominates in mammalian cells 
resulting in the creation of indel errors, short heterogeneous insertions and deletions of nucleic acid 
sequences, at the site of the DSB. In addition to the heterogeneity of indels introduced at Cas9-
induced DSBs, allelic editing frequencies will vary as well. The HDR pathway requires the presence 
of a repair template, which is used to fix the DSB in a more specific manner. HDR faithfully copies the 
sequence of the repair template to the cut target sequence. Some cells will not be edited, some will 
have one allele edited, and some will have both alleles edited.

The first step in the validation process is to quickly assess whether a significant number of the cells 
have been edited (see Figure 1). For indels, this is visualized using a mismatch cleavage assay (see 
Figure 2). For HDR, this is often visualized by a change in the restriction pattern at the site of interest 
or via a reporter readout. For deletions (see Figure 3), this is visualized by a decrease in size of a PCR 
product produced by primers flanking the region to be deleted.

Once you know that a portion of your cells have been edited, you can go on to create clonal cell lines. 
Serial dilutions can be used to isolate single cells followed by an expansion period to generate these 
lines. If you have a fluorescent protein marker on your plasmid, you can use FACS to enrich the cells 
that received Cas9 and your gRNA. After expansion, assay each cell line and sequence the region of 
interest in order to validate the genome edit as described in Figure 1. But don’t stop there, because 
you can potentially validate your edit at four different levels (DNA, RNA, protein, and phenotype). 
Depending on the nature of your edit, something like qRT-PCR could be used to demonstrate a 
difference in mRNA transcript levels. A western blot can assess protein expression, and phenotypic 
analyses will be crucial to demonstrate the functional consequences of your edit. We’ll focus mostly on 
validation at the DNA level, so read on to learn more!

Mismatch cleavage assay to detect indels
A mismatch cleavage assay is a quick and easy way to detect indels. SurveyorTM nuclease is commonly 
used for this purpose, as it cleaves both DNA strands 3’ to any mismatches. It can detect indels of up to 
12 nucleotides and is sensitive to mutations present at frequencies as low as 1 in 32 copies.

Mismatch cleavage assays typically consist of four steps: 1) PCR amplify the region of interest, 2) 
denature the strands and rehybridize to allow for the mutant and wild-type strands to anneal, 3) treat 
annealed DNA with SurveyorTM nuclease to cleave heteroduplexes, and 4) analyze DNA on an agarose 
gel or other instrument that separates DNA based on size. Figure 2 illustrates how the assay works. In 
this example, both +gRNA lanes contain cleaved fragments of the expected sizes, indicating that the 
gRNAs successfully produced indels in the target region. This assay is often used semi-quantitatively, 
and in this case, gRNA1 appears to be more efficient at producing indels than gRNA2. This is because 

Figure 2: The mismatch cleavage assay 
quickly detects indels using a nuclease that 
cleaves mismatched strands after PCR.

and your repair template to drive HDR.

When designing your HDR donor template, plan ahead for detection of integration events. For 
instance, you could purposefully introduce or remove restriction sites which would alter the digestion 
pattern of PCR products. Alternatively, you could include a reporter element for detection of HDR at 
the DNA, RNA, or protein level. A large insertion or deletion after integration could also be detected by 
a size change in the PCR product. Single nucleotide changes can be quickly assayed using restriction 
digests if the polymorphism creates/removes a restriction digest site. Otherwise, single nucleotide 
changes can be detected by TA cloning and Sanger sequencing, next generation sequencing, or 
droplet digital PCR genotyping.
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Remember that performing serial dilutions and generating clonal cell lines will help with validating your 
genomic edit. This is because the CRISPR-Cas9 system makes different edits across different cells in 
the population, and this can convolute the interpretation of your results. For example, if you sequence 
from a mixed population, you’ll see many overlapping peaks in a Sanger sequencing chromatogram. 
Sanger amplicon sequencing can give you a general idea that some editing occurred, but you won’t 
know which cells were successfully modified.

HDR events are generally less frequent than indels, so you will likely need to screen a larger number 
of colonies to create a clonal line. The number of clones that need to be screened will depend on both 
your transfection/transduction efficiency and HDR frequency. For example, if you have 40% transfection 
efficiency and 5% HDR efficiency, approximately 0.4x0.05=0.02 or 2% of your cells will have the 
recombined region. Thus, you should plan to screen at least 50 colonies. If you are able to select cells 
that have been successfully transfected/transduced using a marker, then you may be able to test fewer 
colonies.

PCR to detect deletions
Most deletions are created by using two gRNAs that direct Cas9 to cleave out the intervening region of 
DNA. The deletion can thus be detected by conducting a PCR using primers flanking the deleted 
region. The workflow is similar to that described in Figure 1. Figure 3 provides an example of PCR 
results obtained by screening a panel of clonal lines for deletions. In this example, clones 1, 5, and 7 
are heterozygous for the deletion and clone 4 is homozygous for the deletion.

Figure 3: Using PCR to detect homozygous vs. heterozygous clones for the 
deletion.
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Next Generation Sequencing to validate edits and detect off-
target effects 
If your lab has the resources, you can quantitatively assess genome edits in your target sequence and 
other regions of the genome using next generation sequencing (NGS). NGS is a good option if you 
have a large number of samples and/or want to simultaneously look at off-target changes. When using 
this method, it is important to keep a set of control cells as you will need to compare the sequencing 
reads from your edited sample to this untreated population. Software such as CRISPResso can help 
with the data analysis.

But what if your lab doesn’t have the resources for NGS? You still have options for detecting off-
target effects. You could use Sanger sequencing, provided that you have some idea of where in the 
genome you might expect off target editing to occur. Using in silico prediction analyses like CRISPRitz 
or CRISPOR can help narrow down the list of sites where off target editing may occur, allowing you to 
Sanger sequence a manageable number of the higher probability locations.

If you’re worried about off-target effects, you can also think about using a version of Cas9 that has 
been specifically engineered for reduced off-target editing, such as SpCas9-HF1, eSpCas9(1.1), or 
HypaCas9.

The techniques described in this post are not CRISPR-specific and can also be used for assessing 
genome edits created by TALEN or Zinc Finger Nucleases. Regardless of what method you use, 
validating your edit is time well spent as you prepare for your future experiments.
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By Soren Hough | Oct 4, 2016

One of the most important steps in the CRISPR experimental process is validating edits. Regardless of 
which CRISPR genome editing system you use, there remains a chance that the observed phenotype 
was caused by an off-target mutation and not an edit in the target gene.

The validation process, also known as CRISPR genotyping, is critical to demonstrating causal 
relationships between genotype and assayed phenotype. Verifying these connections can help 
alleviate the reproducibility crisis in biology. It is key to address these concerns as CRISPR use grows 
across the life sciences and to establish standardized validation techniques for academia, industry, and 
especially the clinic.

Popular validation assays are insufficient
As discussed in Validating Your Genome Edit, there are a variety of options for CRISPR genotyping. 
The most common options include mismatch cleavage assays, such as Surveyor™, T7E1, and Sanger 
sequencing. However, recent studies suggest that both Surveyor™ and Sanger may not be adequate 
standards for validating edits. 

Mismatch cleavage assays rely on pairing between the edited strand and wild-type strand of the host 
DNA. When these strands hybridize, the nuclease can detect strands with mismatches and cleave 
them. The results are then visualized using gel electrophoresis.

Surveyor™ and T7E1 have been widely adopted due to their relative simplicity and low cost. The 
problem with these assays is that they do not provide sequence-level data. They also have a limit of 
detection of ~5%. This means they do not reliably detect editing events that occur in less that 5% of the 
population (Fu et al. 2013, Vouillot et al. 2015).

Meanwhile, Sanger sequencing is laborious, time consuming and cannot be applied to heterogenous 
populations (Bell et al. 2014). Further, Sanger sequencing has a lower detection limit of 50-20% 
(although this has been improved in some studies) (Davidson et al. 2012, Tsiatis et al. 2010). As the field 
moves toward standardized thresholds for validating CRISPR experiments, many are turning to next-
generation sequencing options over older assays.

Biased sequencing methods
There are two primary methods of off-target detection: biased and unbiased. Biased techniques only 
sequence certain sites in the genome predicted to contain off-target cleavage events. Unbiased 
techniques search the whole genome for off-target sites irrespective of in silico prediction.
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These techniques differ in important ways, but can also complement one another by providing both 
broad and specific details on genome sequencing. Used in concert, these approaches can provide the 
researcher with a reasonable level of certainly that the effects they see are not due to off-targets. This 
is a valuable step toward enhancing confidence and reproducibility of a study’s findings.

Prediction algorithms: A good place to start for biased validation
At the moment, many software tools predict off-target effects of sgRNAs using computational methods. 
They identify possible off-target sites across the genome and pinpoint the location of mismatches 
based on the sequences of the genome and sgRNA. This is a good starting point for most researchers 
as it provides a list of putative off-target sites that they can later sequence for mutations.

One method a researcher can use to test predicted off-target sites following a CRISPR experiment is 
targeted amplicon sequencing. The information from targeted amplicon sequencing is highly sensitive 
with detection levels as low as .01% (Hendel et al. 2015). Low detection rates mean the investigator can 
be relatively certain that their samples don’t have off-target mutations if they remain undetected using 
these techniques.

Frequencies of off-target mutations are essential data points for investigators looking to definitively 
link genotype and phenotype. It is also key to perform these validations as translational researchers 
begin to use CRISPR as a therapy. Low frequency off-target effects may generate irreproducible data 
in a research setting, but these events could have disastrous health effects in the clinic. NGS-based 
methods provide the most complete information profile regarding putative off-target sites including 
both the edit rate and the repair product sequence.

Targeted amplicon sequencing doesn’t tell the whole story
Even though progress has been made with off-target prediction algorithms, their genome-wide search 
criteria are not exhaustive. Mismatch tolerance settings are often limited to off-target sites of <4 bp. 
The off-target list is also generally weighted by the position of the mismatch along the length of the 
gRNA given the stricter sequence requirement at the terminal 3’ PAM site (Fu et al. 2013; Pattanayak et 
al. 2013).

This approach misses larger mismatches (e.g. six nucleotides) that may still lead to off-target double-
stranded breaks (Tsai et al. 2015). Additionally, current algorithms do not take into account other 
elements, including those relating to DNA structure (e.g. epigenetic modification, bulges) that may also 
impact off-target edits. As a result, only sequencing sites predicted by conventional algorithms may not 
provide a full picture of the impact of CRISPR editing in the model cell line or organism.
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Several options exist for unbiased off-target detection, including Digenome-seq (Kim et al. 2015) for in 
vitro analysis, IDLV for in vivo detection (Gabriel et al. 2011, Wang et al. 2015, Osborn et al. 2016) and 
HTGTS (Frock et al. 2015) for cell-based experiments. These strategies can be used in concert with 
in silico prediction to create a more comprehensive list of off-target editing events. Two of the most 
common cell-based methods are genome-wide, unbiased identification of double-strand breaks (DSBs) 
evaluated by sequencing (GUIDE-seq) (Tsai et al. 2015) and direct in situ breaks labeling, enrichment on 
streptavidin, and next-generation sequencing (BLESS) (Crosetto et al. 2013).

GUIDE-seq and BLESS detect double-stranded breaks and do not require high sequencing read counts 
making them fast and viable options for multiplex sequencing in many laboratories. Nevertheless, 
unbiased detection isn’t as sensitive as targeted amplicon sequencing. For example, GUIDE-seq seems 
to have a minimum detection limit of 0.1% (Tsai et al. 2015). This contrasts with detection frequencies of 
0.01% in amplicon sequencing (Hendel et al. 2015), a significant difference as CRISPR experiments 
move closer to the clinic (Tsai and Joung, 2016).
Table 1: Methods for CRISPR genotyping.

Technique Detection 
Limit

GUIDE-Seq 0.1% Cell-based Searches the genome 
for all DSBs, doesn’t 
require high read 
counts, fast multiplexing

Requires delivery of 
dsODN (potentially toxic)

Digenome Seq 0.1% Cell-free 
(in vitro)

Works across all cell 
types

Must be verified with cell-
based method

IDLV 1% Cell-based Programmable, can 
detect DSBs in live cells

Not as senstive as other 
unbiased methods, high 
background

BLESS Not reported Cell-based (in 
vitro)

Can be used on tissue 
from whole animal 
models, no exogenous 
component required 
(e.g. dsODN), doesn’t 
require high read counts 
(fast multiplexing)

Requires large cell 
population, senstive to 
time since cell fixing

HTGTS Not reported Cell-based Identifies translocations Limited by chromatin 
configuration, produces 
many false negatives

Application Advantages Disadvantages
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Combining sequencing techniques can ensure validated 
experiments
Unbiased detection methods are excellent for finding evidence of DSBs throughout the genome. 
However, their decreased sensitivity means that the best option moving forward may be to integrate 
both biased and unbiased approaches. As suggested in a review by Tycko et al., 2016, unbiased 
sequencing and in silico prediction should give a broad picture of all possible editing events in the 
genome; from there, amplicon sequencing can evaluate and validate off-target sites in a highly 
accurate manner.

Using both of these approaches may not be necessary for every CRISPR experiment. Off-target events 
due to >3 bp mismatches or that are sequence-independent are rare, but they are detectable using 
just genome-wide unbiased methods. However, most investigators use single cell clones for in vitro 
CRISPR experiments. The likelihood that a single cell clone derived from the pool contains both the 
rare off target event and the desired edit is low. Therefore, unbiased sequencing may not be worth 
the cost and labor when single clones are selected. Conversely, translational research may require the 
rigor of both forms of off-target analysis in order to meet clinical approval.

It is key to maintain a consistent set of standards as the field seeks to generate reproducible, quality 
data on the role of genetic networks in biological systems. NGS will also play significantly into the 
realm of clinical therapeutic development as CRISPR is used not only to study disease, but to treat 
patients, as well. For more information and a detailed overview of the aforementioned sequencing 
techniques, please see “Methods for Optimizing CRISPR-Cas9 Genome Editing Specificity” by Tycko et 
al., 2016 and “Defining and improving the genome-wide specificities of CRISPR–Cas9 nucleases”
by Tsai and Joung, 2016.
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The PAM Requirement and Expanding CRISPR 
Beyond SpCas9
By Joel McDade | Nov 12, 2015, Updated Aug 20, 2020 by Jennifer Tsang

Cas9 can be used to modify any desired genomic target provided that (1) the sequence is unique 
compared to the rest of the genome and (2) the sequence is located just upstream of a Protospacer 
Adjacent Motif (PAM sequence). The 3-5 nucleotide PAM sequence serves as a binding signal for Cas9 
and this sequence is a strict requirement for Cas9-mediated DNA cleavage.

The need for more PAM sequences
While PAM sequences for the commonly used S. pyogenes Cas9 (3’-NGG) are abundant throughout 
the human genome, they are not always positioned correctly to target a particular gene. Furthermore, a 
target sequence may have high homology elsewhere in the genome. These off-target sequences may 
be unintentionally mutated along with the desired target locus.

The PAM sequence is of particular 
concern when trying to edit a gene 
using homology directed repair, 
since HDR-mediated gene editing 
is most efficient when target sites 
are located in close proximity to 
the region to be edited. In this 
article, we will cover three ways to 
circumvent this limitation: 1) the use 
of novel S. pyogenes Cas9 variants 
with varying PAM sequences, 2) the 
use of Cas9 homologs derived from 
species other than S. pyogenes, and 
3) the use of non-Cas9 enzymes.

Synthetic S. pyogenes 
Cas9s with novel PAM 
recognition
In 2015, Keith Joung’s lab performed a series of positive selection screens in bacteria to identify 
mutants of S. pyogenes Cas9 that were able to cleave target DNA sequences located upstream of 
either NGA or NGC PAM sequences (Kleinstiver et al. 2015). From these screens, they identified four 
novel SpCas9 variants with altered PAM binding specificity:
•	 D1135E variant (D1135E): NGG
•	 VQR variant (D1135V, R1335Q and T1337R): NGAN or NGNG

Figure 1: Without a corresponding PAM seqeunce, SpCas9 can’t target 
the region. Cas9 variants with different PAM site requirements can 
target different DNA regions.
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•	 EQR variant (D1135E, R1335Q and T1337R): NGAG
•	 VRER variant (D1135V, G1218R, R1335E and T1337R): NGCG

The D1135E variant is far more selective for the canonical S. pyogenes PAM sequence NGG compared 
to wild-type SpCas9, which also displays some cleavage with an NGA PAM. This variant may increase 
the specificity of genome modifications at DNA targets adjacent to NGG PAM sequences when 
used in place of wild-type SpCas9. The remaining variants (VQR, EQR, and VRER) recognize novel 
PAM sequences. The VQR, EQR, and VRER Cas9 variants are capable of cleaving genomic DNA in 
mammalian cells and zebrafish embryos, and they can be used to modify genomic loci that cannot be 
modified using wild-type SpCas9. The number of off-target cleavage events for the VQR and VRER 
variants is similar to wild-type SpCas9, indicating that the variants are likely just as selective as wild-
type SpCas9. These VQR, EQR and VRER SpCas9 variants effectively double the targeting range of 
CRISPR/Cas9 within the human genome.

Another variant, xCas9 3.7 has 7 mutations found in the REC2, REC3, and PAM interacting domains and 
allows for expanded PAM recognition as well as increased specificity and lower off-target activity (Hu et 
al., 2018). 

In 2020, the Kleinstiver lab reported the development of near-PAMless Cas9 variants. These variants, 
named SpG and SpRY, can target NGN PAMs and NRN and NYN PAMs, respectively (Walton et al., 
2020).

Characterization of Cas9 from additional bacterial species
Many more Cas9 orthologs have been isolated, and our understanding of their PAMs is shown below:
•	 Streptococcus pyogenes (Sp): 3’ NGG
•	 Staphylococcus aureus (Sa): NGRRT or NGRRN
•	 Neisseria meningitidis (Nm or Nme): NNNNGATT
•	 Campylobacter jejuni (Cj): NNNNRYAC
•	 Streptococcus thermophilus (St): NNAGAAW
•	 Treponema denticola (Td): NAAAAC

Non-SpCas9’s bind a variety of PAM sequences, which makes them useful when no suitable SpCas9 
PAM sequence is present. Furthermore, non-SpCas9’s may have other characteristics that make them 
more useful than SpCas9. For example, Cas9 from Staphylococcus aureus (SaCas9) is about 1 kilobase 
smaller than SpCas9, so it can be packaged into adeno-associated virus (AAV). 

At 984 amino acids in length, Cas9 from Campylobacter jejuni (CjCas9) is even smaller than SaCas9 
and is also compatible with AAV delivery. NmCas9, another small ortholog, displays lower off-target 
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editing than wild-type SpCas9, even when targeting sites that are known to produce off-target editing 
with SpCas9 (Amrani et al., 2018). When choosing a Cas9, remember to check that your tracrRNA and 
crRNA (or synthetic gRNA) are derived from the same species.

Expanding the CRISPR toolbox
The isolation of novel CRISPR proteins has and will continue to dramatically increase the number 
of CRISPR applications. The first non-Cas9 CRISPR protein adapted for genome engineering was 
Cas12a (formerly Cpf1), a nuclease that generates double strand breaks in target genes resulting in the 
formation of “sticky ends” rather than the blunt ends created by Cas9. Cas12a  displays lower off-target 
editing than SpCas9 (Kim et al., 2016). The Acidaminococcus sp. BV3L6 Cas12a, AsCpf1, uses a 5’-TTN 
PAM which makes it easier to target AT-rich genomes (Kleinstiver et al., 2016).

Type VI CRISPR systems, which target RNA, offer additional targeting flexibility. Cas13a (formerly 
C2c2) has been adapted for targeted RNA cleavage in mammalian cells. The REPAIR (RNA Editing for 
Programmable A to I Replacement) system fuses Cas13b to RNA deaminase ADAR2 to create a specific 
RNA editor. Cas13 enzymes are advantageous because they do not require a PAM, and RNA targeting 
is potentially reversible since there is no genomic edit. Some Cas13 enzymes require a single base 
protospacer flanking sequence (PFS) adjacent to the target, but many do not, showing the flexibility of 
this system. 
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By Andrew Hempstead | Nov 5, 2019

Considerations when choosing your Cas nuclease
When choosing the Cas9 nuclease for your experiments, there are three important factors to consider: 
site accessibility, specificity, and sensitivity.

Site accessibility

Site accessibility is a measure of which genomic sequences can be targeted by the Cas9. This is 
determined by the PAM sequence recognized by the nuclease. For the most frequently used Cas9, 
spCas9 from Streptococcus pyogenes, this sequence is 3’-NGG. But Cas9s found in other species can 
recognize a variety of different PAM sequences. Researchers have also used experimental evolution 
to develop Cas9s that have a broader PAM specificity, allowing for the targeting of sites that were 
previously unavailable.

Specificity

Specificity is the assessment of the off-target activity of Cas9. This can occur when Cas9 cleaves a site 
that is not a perfect match to the guide RNA (gRNA) used to target the genomic locus of interest. As 
these off-target effects can be genome-wide and, in some cases, difficult to determine, the potential for 
off-target cleavage should be an important consideration during any experiment.

Sensitivity

Cas9 sensitivity is often closely related to specificity. Sensitivity is a measure of the on-target activity 
of the Cas9 nuclease. This can be determined by measuring the indel frequency at a target site. A 
specificity ratio can be measured by calculating the on-target activity divided by the off-target activity.

Cas9 nucleases that exhibit enhanced site accessibility
In order to generate a genomic alteration at a specific location, it must be accessible by Cas9. Our 
previous article, The PAM Requirement and Expanding CRISPR Beyond SpCas9, described the PAM 
specificity of Cas9s isolated from different organisms and engineered Cas9 variants that were able 
to target different PAM sites (NGG, NGAN, NGNG, NGAG, and NGCG). Since then, the Osamu Nureki 
Lab described a rationally engineered Cas9, SpCas9-NG, which required only the di-nucleotide PAM 
NG (Nishimasu et al., 2018). The David Liu Lab similarly described xCas9, which displayed the ability to 
target multiple PAM sequences (NG, GAA, and GT), greatly increasing the number of genomic loci that 
can be targeted (Hu et al., 2018). 

These altered variants can allow for targeting of your genomic loci of interest that may not be 
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accessible by wild-type Cas9, due to its stringent PAM specificity. This can be especially important for 
base editing techniques, where Cas9 must be directed to a very specific site.

Specificity vs. sensitivity in choosing the Cas9 to use in your 
experiments
Another important consideration when choosing a Cas9 is balancing specificity and sensitivity. Wild-
type Cas9 exhibits high on-target activity, but also high off-target activity, which may be undesirable in 
many applications. For example, the Feng Zhang Lab had described eSpCas9, while the Keith Joung 
Lab had developed SpCas9-HF1. Both of the enzymes showed decreased off-target activity relative 
to Cas9. Since then, the Joung and Jennifer Doudna Labs used targeted mutagenesis to generate 
hyper accurate Cas9 (HypaCas9). This nuclease showed decreased or similar off-target activity, 
relative to eSpCas9 and SpCas9-HF across a number of different sites. Using a combined random and 
directed mutagenesis approach, the Anna Cereseto Lab created pX-evoCas9, which they showed also 
increased specificity.

Most recently, the Jungjoon Lee Lab used directed evolution to generate Sniper-Cas9 resulting in a 
Cas9 with improved specificity. They compared on-site and off-site activity of Sniper-Cas9 to different 
Cas9 variants using gRNAs of different lengths (Lee et al., 2018) and found that Sniper-Cas9 showed a 
high degree of both specificity and sensitivity across a large number of loci and gRNA lengths.

Recent alternatives to Cas9
While Cas9 remains the most widely used CRISPR nuclease, recent work has shown that alternative 
enzymes may better suit specific experimental approaches. One example is CasX, characterized by 
the Oakes and Doudna Labs, which is both small and potentially less likely to elicit a strong immune 
response, factors that may make it especially suitable for in vivo research and potentially treatments. 
Cas12b, characterized by the Zhang (Strecker et al., 2019) and Li (Teng et al., 2018) Labs also shows 
promise for in vivo research due to its small size and specificity relative to Cas9. As scientists continue 
to characterize CRISPR nucleases from a variety of sources, it is likely that the toolkit available to 
researchers will continue to expand.
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xCas9: Engineering a CRISPR Variant with PAM 
Flexibility
By Mary Gearing | Mar 28, 2018

In order to bind DNA, Cas9 and other CRISPR enzymes require a short PAM sequence adjacent to 
the targeted sequence at the locus of interest. SpCas9’s 3’ NGG PAM occurs frequently in GC-rich 
genomes, but a PAM is not always available near the locus you’d like to modify. To tackle the PAM 
problem, researchers have engineered alternative Cas9s binding distinct PAM sequences. Now, David 
Liu’s lab has gone one step further, using directed evolution to create xCas9, an enzyme recognizing 
a broad range of PAMs like NG, GAA, and GAT, but also displaying increased editing specificity. We’re 
excited to learn more about xCas9 - here’s what we know so far!

Why do we need PAM flexibility?
IDT estimates that there is an NGG PAM every 42 bases in the human genome. SpCas9 targeting 
should be easy, right? Yes and no. If you’re just trying to create a knockout, you might be happy 
targeting anywhere in an exon. But things get more complicated if you’d like to use homology directed 
repair to make precise edits or knock-ins. Editing efficiency decreases drastically once your cut site 
is more than 10 bp away from the insertion site, so HDR will be difficult if there’s no PAM near your 
insertion site. Base editing, another method to create point mutations, also has a strict editing window 
about 15 nt upstream of the PAM. Even if there’s a PAM near your insertion site, the corresponding 
gRNA might be undesirable due to potential off-target sites or low predicted on-target efficiency.

In cases where Cas9 won’t work, there are other options. Commonly used Cpf1 variants, with a  5’ 
TTTV PAM, improve targeting in AT-rich loci or genomes. Cas9s from other species, like S. aureus 
and N. meningitidis require different PAM sites than SpCas9, in this case, NNGRRT and NNNNGATT, 
respectively. Researchers also engineered SpCas9 variants with alternative PAMs like NGAG and 
NGCG and SaCas9 with an NNGRRN PAM by mutagenizing the PAM-interacting domain. However, 
these alternative PAM sequences are longer and often more complex than NGG, resulting in lower 
overall genome frequency. Despite the progress we’ve made, there is still a need for and interest in 
enzymes with shorter PAM sequences and/or broader PAM flexibility.

Creating xCas9 through directed evolution
Hu et al. used phage-assisted evolution to generate and select for Cas9 mutants with PAM flexibility. In 
this system, the mutagenesis plasmid (MP6) permits quick, large-scale mutation of the gene of interest. 
They created a selection phage (SP) to carry catalytically dead SpCas9 (dCas9) fused to the bacterial 
polymerase subunit ω. This construct is designed to activate transcription from the accessory plasmid 
(AP) encoding phage gene III. The accessory plasmid library contained all 64 possible NNN PAM 
sequences adjacent to a protospacer. If ω-dCas9 could recognize a library PAM, it would induce 
transcription of gene III, permitting phage propagation and keeping that dCas9 sequence in the pool. 
According to this logic, ω-dCas9 variants recognizing multiple PAMs should have a fitness advantage 
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over proteins with single PAM recognition.

Figure 1: Steps in the directed evolution of xCas9.

After 24 days of phage propagation, Hu et al. isolated xCas9 1.0-1.4 and subjected them to another 72 
hours of phage-assisted evolution, generating xCas9 2.0-2.6. This second round of evolution included 
continuous outflow of phage, increasing stringency and promoting survival of only the broadest-
targeting variants. For the final round of evolution, they used a no-G PAM library to enrich for Cas9 
variants with activity on non-NGG PAMs, generating xCas9 3.0-3.13.

To test xCas9 3.0-3.13, Hu et al. first restored catalytic residues D10 and H840. To ensure that the 
clones were capable of cleavage, they tested the clones against an NNN PAM library in bacteria where 
cleavage leads to the loss of spectinomycin resistance. xCas9 3.7 showed the broadest PAM range, 
recognizing NG, NNG, GAT, and CAA PAMs, while xCas9 3.6 displayed the second best PAM range.

Characterizing xCas9 in mammalian cells
Hu et al. compared xCas9 activity with wt SpCas9 in mammalian cells, finding xCas9 3.7 displayed 
about the same editing rate as SpCas9 at an NGG PAM. When they tested a variety of NG, GAT, GAA, 
and CAA PAMs, they saw that xCas9 3.7 cleaves multiple PAMs at a higher efficiency than SpCas9: 
NGT (4.5-fold efficiency), NGC (2.1-fold), NGA (1.6-fold) and GAA and GAT (5.2-fold). The low increase in 
NGA editing efficiency fits the previous observation that NGA is a secondary PAM for SpCas9.

Hu et al. performed GUIDE-seq analysis to characterize genome-wide off-targets, since increasing 
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PAM flexibility might also increase off-target activity. Surprisingly, off-target effects across 5 gRNAs 
with NGG PAM sequences were actually lower for xCas9 3.6/3.7 than for SpCas9. For some non-
promiscuous gRNAs, xCas9 3.7 displayed more than a 100 fold decrease in off-target editing; for 
known promiscuous gRNAs, xCas9 3.7 still showed a 4.2-9.4-fold improvement in off-target:on-target 
editing ratio. Importantly, the observed off-target loci displayed a broad range of PAM sequences, 
indicating they may be less predictable than SpCas9 off-targets.

Employing xCas9 for transcriptional regulation and base editing
Hu et al. also engineered transcriptional activators using the xCas9 scaffold. With an NGG PAM, xCas9 
3.7-VPR constructs modestly outperformed SpCas9-VPR in activating transcription. Sites containing NG, 
GAA, or GAT PAMs averaged 56-91% transcriptional activation compared to the NGG PAM, confirming 
the flexibility of xCas9 3.7.

Base editor variants with xCas9 are similarly flexible. Like the xCas9 3.7 nuclease, xCas9 3.7 fused to 
third generation cytidine base editor architecture (BE3) slightly improves NGG PAM editing efficiency 
over that of SpCas9-BE3 (37 vs. 28%). Cytidine base editing at NGT, NGC, GAA, and GAT PAMs is 
improved, with a smaller increase in NGA editing. Adenine base editor xCas9 3.7-ABE also follows 
the same pattern, with improved editing at an NGG PAM (69 vs 48%) compared to SpCas9-containing 
ABE7.10, as well as improvements at NG and GAT PAMs.

The development of xCas9 3.6 and 3.7 shows that we have only scratched the surface of modifications 
that can be made to Cas9. It is a pleasant surprise that selecting for one beneficial trait, PAM 
compatibility, also produced an enzyme with improved on-target and reduced off-target editing rates. 
This PAM flexibility should expand applications that require very specific targeting, like homology 
directed repair and base editing, to more loci.
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By mutating one of two Cas9 nuclease domains, researchers created the CRISPR nickase. Nickases 
create a single-strand rather than a double-strand break, and when used with two adjacent gRNAs, 
can lower the probability of off-target editing. In this article, we’ll summarize how IDT (Integrated DNA 
Technologies) first demonstrated how CRISPR nickases improve homology directed repair rates, and 
share their design rules for your next CRISPR nickase experiment.

Overview of Cas9 nickase
We’ll use SpCas9 nickases as examples for this article. The D10A mutation inactivates the RuvC 
domain, so this nickase cleaves only the target strand. Conversely, the H840A mutation in the HNH 
domain creates a non-target strand-cleaving nickase. Instead of cutting both strands bluntly with WT 
Cas9 and one gRNA, you can create a staggered cut using a Cas9 nickase and two gRNAs.

For nickase applications, a common question is: how 
should the gRNAs be oriented in comparison to each 
other? The gRNAs must target different strands to create 
a DSB, but this can be accomplished with either a PAM-in 
or PAM-out orientation. Just as the names imply, PAM-out 
designs have the PAM sequences on the extremes of the 
targeted region, whereas PAM-in designs place the PAMs 
closer together in the middle of the targeted region.

To identify optimal nickase designs, IDT scientists Mollie 
Schubert and Shuqi Yan designed experiments to test 
nickase preferences using HEK293 cells. They started 
by comparing D10A and H840A total editing efficiency 
in PAM-in and PAM-out configurations with varied nick 
distances (40 - 130 nt). From these results, it’s clear that 
editing is much higher in the PAM-out configuration. In 
addition, D10A editing efficiency is consistently higher 
than that of H840A, especially with smaller nick distances. 
Using D10A, they subsequently showed that editing 
efficiency is very low when the gRNAs are too close (7-23 
nt nick distance).

Both D10A and H840A are potent editors, but their indel 
profiles vary. In the PAM-out configuration, D10A tends to 
generate small deletions, while H840A is biased towards large insertions. These profiles are likely due 
to the distinct overhang patterns generated by the nickases; D10A creates 5’ overhangs and H840A 

Figure 1: While wild-type Cas9 cleaves both 
strands, the two Cas9 nickases cleave one 
strand, either the target strand or the non-
target strand.

https://www.idtdna.com/pages/education/decoded/article/when-and-how-to-use-nickases-for-efficient-genome-editing
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creates 3’ overhangs in a PAM-out design. 

Exploring nickases for homology directed repair
The potential benefit of using nickases for HDR is targeting range: using an individual gRNA with WT 
Cas9, repair levels decrease rapidly 10 bp from the cut site. So if you can’t find a good gRNA that 
cuts close to your insertion site, you can’t obtain high HDR efficiency. Nickases create a staggered 
cut - could this system mediate repair throughout the entire region between the nicks? To find out, 
Schubert and Yan designed a PAM-out nickase experiment to insert an EcoRI site using a single-
stranded oligonucleotide (ssODN) donor. Using a D10A nickase to insert an EcoRI site in various spots 
between the nick sites, they observed >20% repair (max 27%) across the 51 nt region using either a top 
or bottom strand ssODN donor with 40 bp homology arms. The HDR efficiency compared favorably to 
using WT Cas9 with the left gRNA across the window. In a subsequent experiment, they were also able 
to introduce a longer insertion (mCherry) using IDT Megamer long ssDNA with 100 nt homology arms. 

Schubert and Yan next examined a situation thought to be suboptimal for HDR. At the AAVS1 locus, the 
two nearest gRNAs had cleavage sites 12 nt and 13 nt away from the target site rather than the optimal 
<10 nt distance. Employing two gRNA sites that are further away from the target site, they designed 
a D10A nickase strategy (46 nt nick distance, PAM-out) to see if they could solve this problem. D10A 
nickase outperformed both WT Cas9 sites tested by a wide margin, exhibiting >20% repair efficiency. 
Clearly, a nickase strategy can expand the targetable region, which is especially useful if there are no 
available guides close to the desired mutation site.

Quick tips for nickase design
•	 Use a PAM-out configuration
•	 Optimize your spacing 

	 D10A: nick sites separated by 37-68 bp
	 H840A: nick sites separated by 51-68 bp
•	 Use D10A for HDR
•	 Place intended insert in between nick sites
	 Use 40 nt homology arms for small insertions or tags (ssODN; IDT Ultramer® Oligonucleotides)
	 Use 100 nt homology arms for large insertions (long ssDNA; IDT Megamer® ssDNA Fragments)
	 Test both bottom and top strand ssDNA donors (if possible)

The text and images in this post were adapted from an IDT webinar: Optimized methods to use Cas9 
nickases in genome editing. We would like to thank IDT scientists Mollie Schubert and Shuqi Yan for 
reviewing this article.

https://www.idtdna.com/pages/education/decoded/article/when-and-how-to-use-nickases-for-efficient-genome-editing
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Cpf1: A New Tool for CRISPR Genome Editing

Note: Cpf1 is also called Cas12a.

In 2015, Zetsche et al. added to the CRISPR toolbox with their characterization of two Cpf1 orthologs 
that display cleavage activity in mammalian cells. Like Cas9 nucleases, Cpf1 family members contain a 
RuvC-like endonuclease domain, but they lack Cas9’s second HNH endonuclease domain. Cpf1 
cleaves DNA in a staggered pattern and requires only one RNA rather than the two (tracrRNA and 
crRNA) needed by Cas9 for cleavage. In certain cases, Cpf1 may be better suited for genome editing 
than Cas9 - read on to learn more about Cpf1 and check out our CRISPR guide for a refresher on 
CRISPR/Cas9.

How was Cpf1 found and tested?
Class 2 CRISPR systems, including the type II Cas9-based 
system, require a single-component nuclease to mediate 
cleavage rather than the multi-subunit complex employed 
by class 1 systems. A putative new class 2 nuclease, Cpf1 
(CRISPR from Prevotella and Francisella), was annotated 
in several genomes and is classified as a type V CRISPR 
system. Like Cas9, Cpf1 contains a RuvC-like endonuclease 
domain, but it lacks Cas9’s other HNH endonuclease domain, 
indicating that Cpf1 functions differently. Since Cpf1 loci are 
widely distributed across bacterial species, Zetsche et al. 
hypothesized that Cpf1 might represent a functional CRISPR 
nuclease that could be adapted for genome editing. The use of a different nuclease could potentially 
overcome some of Cas9’s shortcomings - namely its blunt double stranded cleavage and G-rich PAM 
requirement.

Zetsche et al. started from square one to characterize the Cpf1 nucleases. Using Francisella Cpf1 
(FnCpf1), they employed an E. coli plasmid depletion assay to discover FnCpf1’s PAM sequence 
requirements. Cpf1’s preferred PAM is 5’-TTN, differing from that of Cas9 (3’-NGG) in both genomic 
location and GC-content. After sequencing and searching for cellular RNAs important for Cpf1 function, 
they found that mature crRNAs for Cpf1-mediated cleavage are 42-44 nucleotides in length, about 
the same size as Cas9’s, but with the direct repeat preceding the spacer rather than following it. The 
Cpf1 crRNA is also much simpler in structure than Cas9’s; only a short stem-loop structure in the direct 
repeat region is necessary for cleavage of a target. Cpf1 also does not require an additional tracrRNA.

Once they had determined the minimal elements of CRISPR-Cpf1, Zetsche et al. turned to 
characterizing its cleavage pattern. Again, they were in for a surprise! Whereas Cas9 generates blunt 
ends 3 nt upstream of the PAM site, Cpf1 cleaves in a staggered fashion, creating a 5 nucleotide 5’ 

Figure 1: Cpf1 creates a staggered cut.
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overhang 18-23 bases away from the PAM. With this information, they turned to a cell culture system 
to see if any Cpf1 nucleases would exhibit in vivo activity in mammalian cells. From 16 diverse Cpf1 
candidates, Zetsche et al. found two that display robust cleavage activity similar to that of Cas9. These 
two nucleases, AsCpf1 and LbCpf1 (1307 and 1228 amino acids long respectively), both cleave in a 
staggered pattern similar to FnCpf1.

Potential advantages of Cpf1 over Cas9
Type II CRISPR systems based on Cas9 were thought to be the simplest CRISPR systems and the 
easiest to adapt to genome editing, but the introduction of type V Cpf1-driven systems has added 
another option to the CRISPR toolbox. Cpf1’s staggered cleavage pattern opens up the possibility of 
directional gene transfer, analogous to traditional restriction enzyme cloning. Sticky-end mediated 
gene transfer would be particularly helpful for targeting non-dividing cells, which are difficult to modify 
through homology-directed repair (HDR). Cpf1 also expands the number of sites that can be targeted 
by CRISPR to AT-rich regions or AT-rich genomes that lack the 3’-NGG PAM sites favored by SpCas9.

Since Cpf1 doesn’t require a tracrRNA, crRNA guides are only ~42 nt long. Direct synthesis of these 
crRNAs should be significantly cheaper than that of the ~100 nt crRNA/tracrRNA hybrid guides needed 
for Cas9 function. Since both Cpf1 and its guide RNAs are smaller than their SpCas9 counterparts, they 
will also be easier to deliver in low-capacity vectors, such as adeno-associated viral (AAV) vectors. In 
2017, Zetsche et al. developed a Cpf1 multiplexing approach using a single crRNA array to express up 
to 4 crRNAs.

Zetsche et al. also suggest that Cpf1 may improve the frequency of HDR over non-homologous end 
joining (NHEJ). Cas9-mediated NHEJ usually destroys the PAM site due to its proximity to the cleavage 
site, preventing future edits. In contrast, since Cpf1 cleaves relatively far away from the PAM, NHEJ 
might retain the PAM site. Therefore, if HDR does not initially occur after Cpf1-mediated cleavage, 
the continued presence of the PAM may give Cpf1 the ability to cleave again and possibly mediate 
HDR. This “second chance” mechanism might improve the frequency of desired HDR edits, but 
the possibility has not yet been experimentally confirmed. To prevent new editing post-HDR, repair 
templates should remove the PAM sequence.

Comparing Cpf1 and Cas9 on-target and off-target efficiency
When Cpf1 was first identified, we didn’t know much about its on-target and off-target editing efficiency. 
Kim et al. and Kleinstiver et al. characterized genome-wide editing efficiency of two Cpf1 orthologs 
known to be active in mammalian cells, LbCpf1 and AsCpf1. In both reports, on target editing efficiency 
for the Cpf1 orthologs was only slightly lower than that of the widely used SpCas9 and comparable to 
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SaCas9. As seen with Cas9 orthologs, Cpf1 efficiency varies widely with gRNA sequence.

Both groups used multiple methods to examine Cpf1 off-target editing. First, they designed gRNAs with 
single and double mismatches throughout the 23-base sequence. Double mismatches ablated Cpf1 
activity, except when they were present in the 3’ end of the target sequence (bases 19-23). Cpf1 is also 
sensitive to single mismatches, but variably so, with Kleinstiver et al. reporting that Cpf1 can tolerate 
mismatches at gRNA positions 1, 8, 9, and 19-23. Accordingly, the 3’ end of the gRNA target sequence 
does not have an essential function in Cpf1-mediated editing, as Kleinstiver et al. saw no decrease in 
Cpf1 activity with 4-6 base deletions at the 3’ end of the target sequence.

Cpf1’s strength may lie in its low off-target editing rates, determined using sophisticated genome-wide 
analysis. At many of its computationally predicted off-target sites, Cpf1 does not mediate detectable off-
target cleavage. Most gRNAs directed low-frequency Cpf1 cleavage at 1-12 off-target sites; in contrast, 
SpCas9 may cleave at ~90 sites, according to Kim et al. Kim et al. also compared the ratio of total 
off-target to on-target modification for AsCpf1 and LbCpf1, and found that both orthologs show lower 
off-target activity than that previously observed with SpCas9. Kleinstiver et al. suggest that AsCpf1’s off-
target rate is similar to that of high fidelity Cas9s eSpCas9 and SpCas9-HF1. Both AsCpf1 and LbCpf1 
ribonucleoproteins (RNPs) failed to induce off-target editing in a cell culture model.

The application of Cpf1 to genome editing is exciting both in terms of basic science and translational 
applications. This discovery of this type V CRISPR system proved we had a lot more to learn about 
CRISPR biology. Later work, like the adaptation of Cas13 to RNA targeting and RNA editing, has further 
shown the diversity of CRISPR-based systems.
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Mutagenesis is a tool that both evolution and molecular biologists use to tinker with DNA. Making 
changes to a DNA sequence can help scientists identify and/or facilitate the evolution of new 
phenotypes, and forward genetics harnesses this at a large scale by screening diverse libraries of 
genetic variants. Several methods for generating mutant libraries exist, but none provide a means to 
continuously diversify all nucleotides within a user-defined genomic region. EvolvR, a CRISPR-Cas9 
based targeted mutagenesis method developed by the Dueber Lab at Berkeley, provides a new 
approach for generating novel genetic variants in bacteria. Read on to learn about the key components 
of EvolvR and its potential applications.

Challenges of existing mutagenesis methods
Several continuous diversification methods exist, but there are a few drawbacks with these approaches 
that makes it challenging for users to achieve targeted diversification of all nucleotides within a defined 
region of a genome.

•	 Require stringent bacterial growth conditions. Expression of an error prone polymerase I (PolI3M) is 
capable of mutagenesis in E. coli, but this approach requires special bacterial growth conditions in 
order to maximize the mutation rate. For example the Phage Assisted Continuous Evolution (PACE) 
method requires constant turbidity of the culture, so bacteria must be grown in a turbidostat.

•	 Only mutate particular types of nucleotides. Both the Bassik Lab and the Chang Lab have created 
methods that introduce diversification by targeting a site of interest with dCas9 fused to the 
Activation Induced Cytidine Deaminase (AID) enzyme. AID, however, only changes cytidines or 
guanines to the other three bases, which limits the level of variation that can be introduced.  

•	 Diversification is limited due to the integration of oligonucleotide libraries of a discrete size 
at the target site. The use of such libraries means that the diversity introduced by lambda red 
recombineering and Multiplex Automated Genome Engineering (MAGE) will always be limited by 
the size of the library used.

EvolvR: key components
The EvolvR system has two key components: the error prone PolI3M that’s fused to a nicking Cas9 
(nCas9). Similar to mutagenesis with error prone PCR, EvolvR uses an error prone polymerase to 
introduce mutations. However, by using nCas9 to direct PolI3m to a particular genomic loci, EvolvR 
allows for targeted mutagenesis of a site of interest. A gRNA is used to direct the PolI3M-nCas9 
complex to a DNA site of interest, which nCas9 nicks and then dissociates from. PolI3M then binds 
the nicked DNA, and extends it from the 3’ end, while its native endonuclease activity degrades the 
displaced strand. 
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Figure 1: EvolvR consists of an error prone polymerase that’s fused to a nicking Cas9. 
A gRNA directs Cas9 to target site for nicking. Cas9 dissociates and PolI binds and 
extends from the 3’ end of the nick, occasionally introducing mutations.

The initial version of EvolvR has an editing window of ~17 nt from the nick site, which was expected 
since the processivity window of PolI is 15-20 bp. EvolvR’s on-target mutagenesis rate was 2.5 x 10-6 
mutations per nucleotide per generation vs. 10 x 10-10 mutations per nucleotide per generation of wild-
type E. coli, while only increasing the standard mutation rate seen during DNA replication by 120-fold 
over background.

Due to its modular nature, the Dueber Lab created a few versions of EvolvR. To increase the mutation 
rate of EvolvR, three additional amino acid changes were introduced to nCas9. These changes 
promote nCas9’s dissociation from DNA after nicking and yielded an enhance nCas9 (enCas9) EvolvR 
with a targeted mutagenesis rate ~9-fold higher than the original nCas9, while increasing the standard 
mutation rate by only ~2-fold over nCas9 levels. Two sets of modifications were also made to PolI3M 
to increase the mutation rate and extend the editing window of EvolvR: (1) two additional mutations to 
PolI3M generated PolI5M which increased EvolvR’s mutagenesis rate to ~10-3 mutations per nucleotide 
per generation, and (2) the addition of the thioredoxin-binding domain (TBD) from bacteriophage T7 
DNA polymerase increased the processivity of PolI3M, and thereby increasing the editing window 
of EvolvR to ~56 bp. A larger editing window also increased the likelihood that a single gRNA would 
introduce more than one mutation near the target site.

Applications of EvolvR

The Dueber Lab used EvolvR to discover novel genotypes that result in a spectinomycin resistant 
phenotype in bacteria. While there are many known spectinomycin resistance mutations, several 
new mutations were identified by targeting EvolvR to five dispersed regions of the target gene of 
spectinomycin, rpsE. These results not only uncovered novel resistance genotypes, but also provide a 
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better understanding of the key residues responsible for this protein-drug interaction.  

The Dueber Lab propose that EvolvR could also be used to map protein-protein interactions, 
investigate non-coding segments of the genome, or engineer microbes to perform tasks.

EvolvR could also be a tool for lineage tracing cells that do not tolerate double-strand DNA breaks 
by introducing a unique tag into a genomic site of choice via the mutational abilities of PolI3m. This 
tag would allow researchers to trace the progeny of a single starting cell. Additionally, multiplexing 
of guides allows EvolvR to target more than one genomic site for mutagenesis, a feature which they 
used to generate bacteria resistant to both spectinomycin and streptomycin, but could also be used for 
studying epistatic interactions.

Key takeaways for editing with EvolvR
EvolvR allows for the continuous diversification of all nucleotides at a user-defined loci in bacteria. Its 
modular nature provides versatility in defining the mutational rate and editing window of the system 
and the flexibility to address many different types of research questions. Are you ready to start EvolvR-
ing your targeted mutagenesis experiments? Find EvolvR plasmids at Addgene!
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When we talk about CRISPR applications, one negative often comes up: the low editing efficiency of 
homology-directed repair (HDR). Compared to non-homologous end joining, HDR occurs at a relatively 
low frequency, and in nondividing cells, this pathway is further downregulated. Rather than try to 
improve HDR, scientists have developed two classes of base editors: cytosine base editors (CBEs) and 
adenine base editors (ABEs). 

(There are also RNA base editors, but we’ll just be covering DNA base editors here. Learn more about 
RNA base editors in this section of the eBook.)

What bases can base editors edit?
CBEs mediate a C to T change (or a G to A change on the opposite strand). ABEs make an A to G 
change (or a T to C change on the opposite strand). This only accounts for four of 12 possible changes. 

More recently, the development of prime editing, which uses a different mechanism than CBEs or 
ABEs, from David Liu’s lab has allowed scientists to make all 12 possible base-to-base changes.

How do base editors work?
Base editing requires three elements. Broadly:

1.	 A Cas nickase or Cas fused to a deaminase that makes the edit
2.	 A gRNA targeting Cas to a specific locus
3.	 A target base for editing within the editing window specified by the Cas protein

These elements were the starting point towards the development of the first cytosine base editors 
from postdocs Alexis Komor and the first adenine base editors from Nicole Gaudelli in David Liu’s lab in 
2016.

Cytosine base editing
The beginnings of cytosine base editing

Komor created the first cytosine base editor by coupling a cytidine deaminase with the inactive dCas9 
(Komor et al., 2016). These fusions convert cytosine to uracil without cutting DNA. Uracil is then 
subsequently converted to thymine through DNA replication or repair. Fusing an inhibitor of uracil DNA 
glycosylase (UGI) to dCas9 prevents base excision repair which changes the U back to a C mutation. To 
increase base editing efficiency, you’d need a way to force the cell to use the deaminated DNA strand 
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as a template. To do so, the lab used a Cas nickase, instead of dCas9. The resulting editor, BE3, nicks 
the unmodified DNA strand so that it appears “newly synthesized” to the cell. Thus, the cell repairs the 
DNA using the U-containing strand as a template, copying the base edit.

Figure 1: dCas9 or Cas9 nickase fused to a cytidine deaminase binds the target 
and deaminates the cytidine. Mismatch repair creates the edit if the modified 
strand is used as a template.

The BE3 system increased editing frequency to above 30% for a variety of targets in human cell lines, 
with an average indel frequency of only 1.1%. These numbers are a vast improvement over Cas9-
mediated HDR for the loci tested where average HDR-mediated editing frequency was only 0.5%, and 
more indels were observed than point modifications. CRISPR base editing persists through multiple cell 
divisions, indicating that this method produces stable edits. However, this system is also subject to off-
target editing based on Cas9 off-target activity. 

Improving cytosine base editing scope and efficiency

Since the development of BE3, many research groups have made improvements to base editors 
including:
•	 expanding targeting scope
•	 improving editing efficiency
•	 decreasing off-target effects

In 2016, Akihiko Kondo’s lab created the Target-AID base editor using a cytidine deaminase from sea 
lamprey fused to Cas9 nickase (Nishida et al., 2016). Target-AID acts similarly but not identically to BE3, 
modifying a 3-5 base window 18 bases upstream of the PAM. 
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David Liu’s lab  generated BE3 variants with other deaminases: AID, CDA1, and APOBEC3G (Komor et 
al., 2017). CDA1-BE3 and AID-BE3 edited Cs following a G more efficiently than BE3, but APOBEC3G 
displayed less predictable sequence preferences. 

The Liu lab also used natural and engineered Cas9 variants to develop five new base editors with 
distinct PAM sequences, expanding the number of available target sites for base editing (Kim et 
al., 2017). For each base editor, they observed editing activity with a minimum efficiency of ~50% 
and confirmed that the fusion protein retained the PAM properties of the individual Cas9. They also 
mutagenized the cytidine deaminase portion of the base editor to create SpCas9 base editors with 
editing windows as small as 1-2 nucleotides.

To reduce off-target effects associated with base editing, the lab Rees et al. created HF-BE3, a base 
editor containing high fidelity Cas9 variant HF-Cas9 (Rees et al., 2017). HF-BE3 showed 37-fold less off-
target editing than BE3, with only a slight reduction in on-target editing efficiency. To further improve 
specificity, they purified HF-BE3 protein for delivery in ribonucleoprotein particles (RNPs) to both 
zebrafish embryos and the mouse inner ear. 

Fourth-generation base editors

The fourth-generation base editors, BE4, reduce the undesired C->G or C->A conversions that can 
happen with BE3’s. These byproducts likely resulted from excision by uracil N-glycosylase (UNG) during 
base excision repair. Adding a second copy of the UNG inhibitor, UGI, increases base editing product 
purity. The lab also extended the APOBEC1-Cas9n and Cas9n-UGI linkers to improve product purity, 
and these three improvements represent the fourth generation of base editors. Compared to BE3, BE4 
offers a 2.3 fold decrease in C->G and C->A products as well as a 2.3 fold decrease in indel formation.

To further decrease indel formation 1.5-2 fold, the team fused bacteriophage protein Gam to the 
N-terminus of BE4 (Komor et al., 2017). Gam binds the free ends of DSBs, which may lead to cell death 
rather than NHEJ repair, thus removing these cells from the edited population. 

Another way to improve base editing efficiency for mammalian edits is to ensure the editors make it 
into the nucleus and that they are expressed well. The Liu lab modified the nuclear localization signals 
and codon usage BE4 to create BE4max and AncBE4max with a 4.2-6-fold improvement in editing 
efficiency (Koblan et al., 2018).
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Adenine base editors
The beginning of adenine base editing

Nicole Gaudelli from David LIu’s lab created an adenine base editor that would convert adenine to 
inosine, resulting in an A to G change (Gaudelli et al., 2017). Creating an adenine base editor requires 
an additional step because there are no known DNA adenine deaminases. They used directed 
evolution to create one from the RNA adenine deaminase TadA.  

After seven rounds of molecular evolution, they obtained four adenine base editors (ABEs). ABE7.10 is 
the most active editor, displaying an average editing efficiency of 53% with an editing window of target 
positions 4-7. ABEs 6.3, 7.8, and 7.9 display slightly wider editing windows of position 4-9, although 
editing efficiency may be lower at positions 8 and 9. While cytosine base editors often produce a 
mixed population of edits, ABEs do not display significant A to non-G conversion at target loci. The 
removal of inosine from DNA is likely infrequent, thus preventing the induction of base excision repair.

In terms of off-target effects, ABEs also compare favorably to other methods. In a head to 
head comparison with Cas9, Cas9 modified 9/12 known off-targets with a 14% indel rate, while 
ABE7.10 modified only 4/12 off-targets with a frequency of 1.2%. Although the lab did not conduct 
comprehensive genome-wide studies of ABE specificity, their other experiments suggest that ABEs are 
robust but specific editors.

Improving adenine base editing

When the Liu lab created BE4max and AncBE4max mentioned above, they also made an adenine base 
editor with improved nuclear localization and expression. This base editor was named ABEmax.

In 2020, two papers were published describing additional ABEs evolved from ABE7.10 that have 
improved base editor targeting flexibility and specificity. In the first, the Liu lab used phage-assisted 
evolution selection systems to generate ABE8e(TadA-8e V106W), which edits ~590-fold faster than the 
TadA from ABE7.10 without increasing off-target activity (Richter et al., 2020). This is important because 
ABEs have generally been slow meaning that the Cas9 domain often lets go of the DNA before the 
edit is made.

Using ABE7.10 as a starting point, Gaudelli evolved the base editor into 40 new ABE8 variants 
(Gaudelli et al., 2020). Compared to ABE7.10, ABE8s resulted in 1.5-fold more editing at protospacer 
positions A5-A7 and 3.2-fold more editing at positions A3-A4 and A8-A10 at NGG PAM and 4.2-fold 
higher editing efficiency at non-NGG PAM variants compared to ABE7.10. ABE8s have an improved 
base editing capacity, even at sites previously difficult to target. ABE8s can achieve 98-99% target 
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modification in primary T cells making them a promising tool for cell therapy applications.

Dual base editors
What about combining the function of both editors into one? This has recently been done by fusing the 
adenine and cytosine editing components together.

Keith Joung’s lab created a dual-deaminase editor called SPACE (synchronous programmable adenine 
and cytosine editor) by fusing miniABEmax-V82G and Target-AID to Cas9 (Grünewald et al., 2020). 
Another lab took a similar approach. Dali Li’s lab’s A&C-BEmax consists of a fusion of both cytidine 
and adenosine deaminases with a Cas9 nickase (Zhang et al., 2020). It has increased CBE activity and 
reduced RNA off-targeting activity compared to ABEmax.
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There are over 75,000 pathogenic genetic variants that have been identified in humans and 
catalogued in the ClinVar database. Previously developed genome editing methods using nucleases 
and base editors have the potential to correct only a minority of those variants in most cell types. A 
new technique from David Liu’s lab at the Broad Institute could add more precision and flexibility to the 
CRISPR editing world.
 
This new approach, published in Nature in 2019 is called prime editing. It’s a “search-and-replace” 
genome editing technique that mediates targeted insertions, deletions, and all possible base-to-base 
conversions. And, it can combine different types of edits with one another. All of this is possible without 
double strand breaks (DSBs) or donor DNA templates. How does this work? First, an engineered prime 
editing guide RNA (pegRNA) that both specifies the target site and contains the desired edit(s) 
engages the prime editor protein. This primer editor protein consists of a Cas9 nickase fused to a 
reverse transcriptase. The Cas9 nickase part of the protein is guided to the DNA target site by the 
pegRNA. After nicking by Cas9, the reverse transcriptase domain uses the pegRNA to template 
reverse transcription of the desired edit, directly polymerizing DNA onto the nicked target DNA strand. 
The edited DNA strand replaces the original DNA 
strand, creating a heteroduplex containing one edited 
strand and one unedited strand. Lastly, the editor 
guides resolution of the heteroduplex to favor copying 
the edit onto the unedited strand, completing the 
process.

The prime editor: A fusion between 
Cas9 and reverse transcriptase
To decrease the components prime editing would 
introduce into the cell, the team fused the M-MLV 
reverse transcriptase (RT) with the Cas9 H840A 
nickase to create the prime editor (PE). They found that 
orientation matters: fusing the RT to the C-terminus of 
the Cas9 nickase resulted in higher editing efficiency. 
They called this complex PE1.

Building upon prior reverse transcriptase research, 
(Baranauskas et al., 2012; Arezi and Hogrefe, 2009), 
the Liu lab created and evaluated 19 PE1 variants with 
RT mutations known to increase activity, enhance 
binding between the template and primer binding site, 

Figure 1: The prime editing guide RNA (pegRNA) 
specifies the target site and contains the edit. 
After Cas9 nicking, the reverse transcriptase 
domain uses pegRNA to reverse transcribe the 
edit. The edited strand replaces the original 
DNA strand. Resolution of the heteroduplex to 
favor copying the edit onto the unedited strand 
completes the process. Image from David Liu 
with pernission.
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increase processivity, or improve thermostability. What came out on top? The Cas9 nickase fused 
to a pentamutant of M-MLV RT. They called this system PE2, which had prime editing efficiencies on 
average 2.3- to 5.1-fold (though up to 45-fold) higher across different genomic sites compared to PE1.

The pegRNA: A template and guide all in one
The other important component of prime editing is the prime editing guide RNA (pegRNA). The 
pegRNA is a guide RNA that also encodes the RT template, which includes the desired edit and 
homology to the genomic DNA locus. Sequence complementary to the nicked genomic DNA strand 
serves as a primer binding site (PBS). This PBS sequence hybridizes to the target site and serves as the 
point of initiation for reverse transcription.

To optimize pegRNAs, the team found that 
extending the pegRNA primer binding site to at 
least eight nucleotides enabled more efficient 
prime editing in HEK293T cells.

For designing pegRNAs, the Liu lab created 
PrimerDesign, a prime editing design tool, with 
the Pinello lab and the Joung lab.

Prime Editor 3 (PE3): 
Resolving mismatched DNA 
to favor the edit
Once the prime editor incorporates the edit 
into one strand, there’s a mismatch between the original sequence on one strand and the edited 
sequence on the other strand. To guide heteroduplex resolution to favor the edit, the Liu lab turned 
to a strategy they previously used when they developed base editing (Komor, et al, 2016). By nicking 
the non-edited strand, they can cause the cell to remake that strand using the edited strand as the 
template.

A third prime editing system called PE3 does just this by including an additional sgRNA. Using this 
sgRNA, the prime editor nicks the unedited strand away from the initial nick site (to avoid creating a 
double strand break), increasing editing efficiencies 2-3 fold with indel frequencies between 1-10%. 

Note: PE2, PE3, and PE3b all use PE2 (pCMV-PE2). PE3 and PE3b add an sgRNA, which can be any 

Figure 2: The prime editor with pegRNA. The Cas9 portion 
of the editor cuts the DNA and the reverse transcriptase 
portion polymerizes DNA onto the nicked strand based 
on the pegRNA sequence. Image from David Liu with 
permission.
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guide RNA expression vector or cassette

Advantages of prime editing
Less constrained by PAM sequence location

The prime editor extends the reach of CRISPR genome editing as it can edit near or far from PAM sites 
making it less constrained by PAM availability like other methods. The PAM-to-edit distance can be 
over 30 base pairs for prime editing. Since PAM sites occur every ~8 base pairs on either DNA strand, 
many previously developed base editors (Table 1 from Rees and Liu, 2019) with a <8 base pair editing 
window cannot edit within what Fyodor Urnov refers to as “PAM deserts” in the genome.

More versatile and precise than base editing (in certain circumstances)

Base editors developed thus far can only create a subset of changes (C->T, G->A, A->G, and T->C). 
Prime editing allows for all 12 possible base-to-base changes.

Prime editing is also more precise. Base editors, for example, will edit all the C’s or A’s within the 
base editing window, while prime editors make a specific edit defined by the pegRNA. In cases when 
bystander editing is unacceptable, prime editors can be used to avoid this possibility.

However, there are instances where traditional base editors are preferred. For instance, if target 
nucleotides are positioned within the canonical base editing window, base editing has higher efficiency 
and fewer indels than prime editing. But for positions that aren’t well positioned within the editing 
window, prime editing is more efficient due to its lower dependence on PAM placement.

Fewer byproducts and more efficient than homology directed repair

Homology directed repair (HDR) stimulated by double strand breaks has been widely used to generate 
precise changes. However, the efficiency of Cas9 cleavage is relatively high while the efficiency of 
HDR is relatively low, meaning that most Cas9-induced DSBs are repaired by non-homologous end 
joining. As a result, Cas9 treatment causes most products to be indels while the efficiency of HDR is 
typically less than 10%. In contrast, prime editing can offer ~20-50% efficiency in HEK293T cells with 
1-10% indels. In other tested cell types, including post-mitotic primary mouse cortical neurons, the 
authors report lower prime editing efficiencies, but still see much higher ratios of desired edits to indel 
byproducts than Cas9-initiated HDR.
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What’s next for prime editing?
While prime editing is an exciting step towards more versatile genome editing, it’s new at this point and 
warrants many additional studies. In their paper, the Liu lab points out the need to investigate off-target 
prime editing in a genome-wide manner, identify any inadvertent effects the prime editors may have on 
the cells, and assess in vitro and in vivo delivery strategies.
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Base editors create specific point mutations in the genome, but they’re inefficient compared to 
CRISPR/Cas9 edits that rely on double strand DNA breaks. Due to this inefficiency it is crucial for 
scientists to not only easily identify base editing events in real-time but also enrich for base-edited cells 
in their experiments. In the past few years, scientists have created an array of base editing reporters 
that can help you do just that.

Monitoring APOBEC and Cas9-mediated editing in real time
The Harris lab created ACE, a reporter that monitors APOBEC (a family of cytidine deaminase proteins) 
and Cas9-mediated editing in real time (St. Martin et al., 2018). The ACE reporter is a bicistronic 
construct that consists of a mutated mCherry and a downstream constitutively active eGFP. To create 
the inactive mCherry, the lab introduced a 43 base-pair insertion that disrupts fluorescence due to a 
frameshift. Restoration of fluorescence can only occur through editing by a APOBEC-Cas9n-UGI 
complex. So how exactly does this work?

Figure 1: APOBEC- and Cas9-mediated editing (ACE) reporter in action. Image from St. 
Martin et al., 2018.

APOBEC-Cas9n-UGI targets its preferred trinucleotide motifs (5’-TCA-to-TUA) found within the 43 base-
pair mCherry insertion. Editing of these motifs generates lesions that are subject to excision and ssDNA 
cleavage by canonical base excision repair enzymes. At the same time Cas9n cleaves the opposing 
DNA strain which results in two DSBs that can be repaired by NHEJ restoring mCherry expression. 
Cells can then be sorted using Fluorescence-activated cell sorting (FACS) and the editing efficiency 
can be easily determined by comparing cells expressing only eGFP expression to cells expressing 
eGFP and mCherry. ACE was used to identify cells that have been successfully edited with APOBEC3A 
and APOBEC3B (St. Martin et al., 2018).
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eGFP reporters for single base editing by APOBEC-Cas9
Though the ACE reporter quantifies APOBEC-Cas9 efficiency in real-time, it relies on DSBs which is not 
ideal for monitoring single base edits (St. Martin et al., 2018).

To circumvent sequencing and the need for a DSB in their previous reporter, the Harris Lab created a 
panel of eGFP reporters to quantify the on-target DNA editing efficiency of APOBEC-Cas9 editisome 
complexes in real-time (St. Martin et al., 2019). To create the eGFP reporters the Harris lab individually 
mutated three codons in eGFP to eliminate fluorescence. This created three inactivated eGFP 
reporters- eGFP L202, eGFP L138, and eGFP L93.

The modified eGFPs were placed downstream of wild-type mCherry and a T2A site and expressed in 
cells. mCherry is constitutively expressed to identify successfully transfected cells. C-to-T editing by 
the APOBEC-Cas9 editosome would restore eGFP fluorescence, making it easy to quantify single base 
editing efficiency by dividing the number of eGFP and mCherry positive cells by the number of only 
mCherry positive cells (Martin et al., 2019).

The Harris lab used these eGFP reporters to analyze the base editing capability of the seven human 
APOBEC3 proteins, finding that APOBEC3A and APOBEC3bctd are the most efficient (Martin et al., 
2019).

Transient reporter for editing enrichment (TREE)
The Wang and Brafman lab developed a transient reporter for editing enrichment (TREE) to purify 
single base edited cells without the need for single cell isolation and downstream sequencing 
(Standage-Beier et al. 2019). TREE is a real-time, fluorescent based identification system for the 
isolation of base-edited cell populations.

To develop this method the lab was inspired by work that used an integrated GFP reporter that is 
converted into BFP (blue fluorescent protein) upon CRISPR/Cas9 homology directed repair (HDR) 
(Glasser et al., 2016). For TREE they engineered a BFP variant that undergoes conversion to GFP after 
being targeted by a cytidine deaminase base DNA editor. Specifically the BFP mutant (BFPH66) 
contains a histidine at amino acid 66. This histidine is encoded by a ‘CAC’ codon that is converted to a 
‘TAC’ or ‘TAT’ after a C-to-T base editing event. This edit changes the histidine to a tyrosine generating 
a GFP variant (GFPY66) that has a shifted emission spectra. Thus a successful base editing event 
would result in GFP fluorescence that can be visualized and sorted via flow cytometry.

The team put TREE to the test by infecting HEK-293 cells with the BFP variant, a BE4am-Cas9 base 
editor, and sgRNA vectors for the BFP-to-GFP conversion and to target specific loci of interest in the 

Figure 2: Targeting pEF-BFP with 
a cytidine deaminase base editor 
results in shift in emission spectra 
from BFP to GFP. Image from 
Standage-Beier et al., 2019.
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genome. The Wang and Brafman lab showed that GFP positive cells 
isolated with TREE have a significantly higher frequency of genomic 
base pair edits of interest compared to cells segregated solely by a 
reporter of transfection, which only report the efficiency of plasmid 
delivery to a cell. In contrast, TREE provides a read out for plasmid 
delivery and subsequent base editing efficiency.

“Gene On” (GO)- a functional reporter 
system to identify and enrich for base-
editing activity
The reporters mentioned above all rely on GFP fluorescence and cell 
sorting using FACS which could limit their use across different cell 
types and systems.

To introduce flexibility, the Dow lab created a base editing reporter that detects and enriches for 
base editing events in vivo without relying solely on GFP (Katti et al., 2020). They named this reporter 
“Gene On” or GO. GO works by affecting protein translation of different reporter proteins. Protein 
translation requires the start codon of AUG immediately downstream of a kozak sequence. The Dow 
lab hypothesized that if they created an ATG codon from an ACG codon using a base-editor (C>T 
conversion) they could induce the translation of any detectable protein, not just fluorescent proteins.

As a proof of concept the Dow lab tested their hypothesis 
with GFP fluorescence. To do this they generated a silent 
GFP construct, that contains an ACG start codon mutation, 
and integrated it into human and mouse cells that expressed 
either Cas9 or an optimized cytidine base editor. The lab then 
introduced an sgRNA targeting the GFP ACG to the cells. As 
expected, only the cells that contained the cytidine base editor 
exhibited robust induction of GFP fluorescence confirming the 
efficacy of GO as a base-editing reporter.

As the initiation of protein translation at the start codon ATG 
is universal, the Dow lab successfully used GO to induce 
the translation of an array of different reporters including 
mScarlet-I, luciferase, antibiotic resistance markers, and other 
enzymes such as Cre-recombinase drastically expanding the 
base-editing reporter toolbox. The Dow lab also demonstrated 

eGFP reporters for single base editing by APOBEC-Cas9
Though the ACE reporter quantifies APOBEC-Cas9 efficiency in real-time, it relies on DSBs which is not 
ideal for monitoring single base edits (St. Martin et al., 2018).

To circumvent sequencing and the need for a DSB in their previous reporter, the Harris Lab created a 
panel of eGFP reporters to quantify the on-target DNA editing efficiency of APOBEC-Cas9 editisome 
complexes in real-time (St. Martin et al., 2019). To create the eGFP reporters the Harris lab individually 
mutated three codons in eGFP to eliminate fluorescence. This created three inactivated eGFP 
reporters- eGFP L202, eGFP L138, and eGFP L93.

The modified eGFPs were placed downstream of wild-type mCherry and a T2A site and expressed in 
cells. mCherry is constitutively expressed to identify successfully transfected cells. C-to-T editing by 
the APOBEC-Cas9 editosome would restore eGFP fluorescence, making it easy to quantify single base 
editing efficiency by dividing the number of eGFP and mCherry positive cells by the number of only 
mCherry positive cells (Martin et al., 2019).

The Harris lab used these eGFP reporters to analyze the base editing capability of the seven human 
APOBEC3 proteins, finding that APOBEC3A and APOBEC3bctd are the most efficient (Martin et al., 
2019).

Transient reporter for editing enrichment (TREE)
The Wang and Brafman lab developed a transient reporter for editing enrichment (TREE) to purify 
single base edited cells without the need for single cell isolation and downstream sequencing 
(Standage-Beier et al. 2019). TREE is a real-time, fluorescent based identification system for the 
isolation of base-edited cell populations.

To develop this method the lab was inspired by work that used an integrated GFP reporter that is 
converted into BFP (blue fluorescent protein) upon CRISPR/Cas9 homology directed repair (HDR) 
(Glasser et al., 2016). For TREE they engineered a BFP variant that undergoes conversion to GFP after 
being targeted by a cytidine deaminase base DNA editor. Specifically the BFP mutant (BFPH66) 
contains a histidine at amino acid 66. This histidine is encoded by a ‘CAC’ codon that is converted to a 
‘TAC’ or ‘TAT’ after a C-to-T base editing event. This edit changes the histidine to a tyrosine generating 
a GFP variant (GFPY66) that has a shifted emission spectra. Thus a successful base editing event 
would result in GFP fluorescence that can be visualized and sorted via flow cytometry.

The team put TREE to the test by infecting HEK-293 cells with the BFP variant, a BE4am-Cas9 base 
editor, and sgRNA vectors for the BFP-to-GFP conversion and to target specific loci of interest in the 

Figure 2: Targeting pEF-BFP with 
a cytidine deaminase base editor 
results in shift in emission spectra 
from BFP to GFP. Image from 
Standage-Beier et al., 2019.

Figure 3: Reporters in Gene On include a 
mScarlet reporter, luciferase reporter, and 
neomycin resistance reporter. Image from 
Katti et al., 2020.
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that GO is an effective reporter for adenine base editors, that make A-to-G edits in the genome 
(Gaudelli et al., 2017). GO is thus a flexible and adaptable tool to identify and enrich for base-editing 
events in vivo.
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Targeting RNA with Cas13a (C2c2)
By Joel McDade | Sep 21, 2017, Updated Jul 27, 2020 by Cary Valley

CRISPR, and specifically Cas9 from S. pyogenes (SpCas9), is truly an exceptional genome engineering 
tool. It is easy to use, functional in most species, and has many applications. That said, SpCas9 is not 
the only game in town, and other Cas proteins like SaCas9 and Cpf1 can circumvent the limitations 
associated with SpCas9. Cas13a (previously referred to as C2c2), has several unique properties that 
further expand the CRISPR toolbox. We’ll cover how Cas13a was identified, the structure and function 
of Cas13a with a focus on what makes this molecule unique, and the various applications of Cas13a.

The origins of Cas13a: An RNA cleaving CRISPR nuclease
Cas13a was originally identified in 2015 (Shmakov et al., 2015). They were using Cas1, a gene 
commonly associated with CRISPR arrays and involved in spacer acquisition following infection, 
as a form of “bait” to identify new CRISPR-associated proteins within the bacterial genome. From 
this analysis, they identified 53 potential candidate genes that fell into 3 categories based on the 
architecture of the CRISPR protein in question: C2c1, C2c2, and C2c3 (short for Class 2, candidate 1, 2, 
or 3). C2c1 and C2c3 are related to Cpf1, but they require both a tracrRNA and crRNA to cleave target 
DNA (Cpf1 requires only a crRNA for target recognition and cleavage). We will focus on C2c2 (now 
referred to as Cas13a) since it has a structure and function unique from C2c1 and C2c3.

Perhaps the biggest difference between Cas13a and Cas9 is that Cas13a binds and cleaves RNA rather 
than DNA substrates. In terms of structure, Cas13a shares no homology to the most commonly used 
CRISPR enzymes - Cas13a contains two HEPN domains, whereas Cas9 uses HNH and RuvC domains to 
cleave target DNA. The HEPN domains within Cas13a are essential for RNA cleavage, consistent with 
known roles for HEPN domains in other proteins. As with Cas9, mutating key residues in the Cas13a 
molecule results in a “nuclease dead” Cas13a (dCas13a), that is capable of binding target RNA but lacks 
the ability to cleave the RNA target.

Name Enzymatic 
Domains

Guide RNA Target PAM Cleavage Mechanism

Cas9 HNH, RuvC TracrRNA, 
crRNA

DNA 5’ NGG Specific blunt ended DSB 
in target DNA

Cpf1 RuvC-like crRNA DNA 5’ TTN Specific DSB in target 
DNA with 5’ overhangs

Cas13a (C2c2) 2x HEPN crRNA RNA 3’ A, U, or C 
(not required 
by all 
orthologs)

Specific RNA cleavage 
(followed by non-specific 
RNAse activity in bacteria)

Table 1: Comparison of Cas9, Cpf1, and Cas13a (C2c2)
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Cas13a targeting with a single crRNA
The Feng Zhang lab used Cas13a from Leptotrichia shahii (LshCas13a) to begin to characterize this 
new effector (Abudayyeh et al., 2016). In the endogenous CRISPR/Cas9 system, Cas9 uses both a 
tracrRNA and crRNA to facilitate binding and cleavage of target DNA respectively. LshCas13a, on the 
other hand, uses only a short ~24 base crRNA that interacts with the Cas13a molecule through a uracil-
rich stem loop and facilitates target binding and cleavage through a series of conformational changes 
in the Cas13a molecule. Like Cas9, Cas13a tolerates single mismatches between the crRNA and target 
sequence, however cutting efficiency of Cas13a is reduced when 2 mismatches are present. The 
protospacer flanking sequence (PFS) for LshCas13a, which is analogous to the PAM sequence for Cas9, 
is located at the 3’ end of the spacer sequence and consists of a single A, U, or C base pair.

In bacteria, once Cas13a has recognized and cleaved its target RNA sequence as specified by the 
crRNA sequence, it adopts an enzymatically “active” state rather than reverting to an inactive state like 
Cas9 or Cpf1. As a result, Cas13a will then bind and cleave additional RNAs regardless of homology to 
the crRNA or presence of a PFS. This is in stark contrast to Cas9, which requires that each DNA target 
have high sequence identity to the spacer sequence and contain the appropriate PAM sequence. The 
non-specific cleavage is thought to activate programmed cell death or a dormant state for bacterial 
cells that have been infected with bacteriophage as to limit the spread of infection throughout the 
entire population. This property of Cas13a opens up the possibility of using Cas13a as a diagnostic tool, 
as discussed below.

Applications of Cas13a
What are the potential applications of Cas13a given what we know about its structure and function? 
For starters, Cas13a can be used to bind and cleave target RNAs, although its usefulness in bacterial 
cells will likely be limited by the propensity of Cas13a to bind and cleave RNA non-specifically. The 
ability of dCas13a to bind target RNA without cleaving the molecule (like dCas9) suggests that dCas13a 
may be useful for isolating specific RNA sequences from a population (either enriching or depleting 
specific RNAs out of a pool of RNAs) or studying RNA processing in live cells. Indeed, groups have 
utilized dCas13 fusion proteins for imaging, tracking, modulating splicing, and regulating expression of 
specifically targeted RNAs.

Finally (and perhaps most interesting), Cas13a’s propensity to cleave any RNAs after binding a user-
defined RNA sequence could be used to detect single molecules of an RNA species with high 
specificity (Gootenberg et al., 2017). This system, dubbed SHERLOCK (depicted in figure 1) has been 
used to differentiate strains of Zika virus, genotype human DNA, identify tumor mutations within cell-
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free genomic DNA, and detect COVID-19 (Joung, Ladha et al., 2020).

Figure 1: Steps of using Cas13a as a diagnostic tool.

Cas13a in mammalian cells
The Zhang lab made the exciting discovery that some Cas13a orthologs can function in mammalian and 
plant cells (Abudayyeh et al., 2017). They characterized Cas13a from Leptotrichia wadei (LwaCas13a), 
using a superfolder GFP fusion to stabilize the protein in mammalian cells. LwaCas13a-msfGFP can 
mediate cleavage with spacers from 20-28 nucleotides in length and does not require a specific PFS, 
making it a very flexible cleavage system. LwaCas13a is also amenable to multiplexing; expressing 5 
gRNAs simultaneously produces comparable gene knockdown to single gRNA expression.

Although the collateral RNA cleavage response is well described in bacterial cells, LwaCas13a does 
not display nonspecific RNA cleavage activity in eukaryotic cells. They arrived at this finding through 
analyses of global RNA expression, cell stress, and RNA size distribution. When comparing LwaCas13a 
to shRNA, they found that LwaCas13a displays similar knockdown efficiency but no significant off-target 
effects, a distinct contrast to the hundreds of observed shRNA off-targets. They subsequently used 
catalytically inactive dLwaCas13a as a programmable RNA-binding protein, creating the fluorescent 
fusion protein dLwaCas13a-NF for in vivo RNA imaging.

In short, the Cas13a molecule brings a much anticipated element of diversity to the CRISPR toolbox and 
will continue to expand the applications of CRISPR. We’ve also recently seen the new development of 
Cas13b as a tool for RNA base editing, and we are excited to see this group of enzymes continue to 
make a splash in the CRISPR field. 
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RNA Editing with Cas13
By Mary Gearing | Nov 30, 2017, Updated Jul 31, 2020 by Cary Valley

Cas13 enzymes are quickly becoming major players in the CRISPR field. Just a year after Feng Zhang’s 
lab identified Cas13a (C2c2) (Abudayyeh et al., 2016) as a RNA-targeting CRISPR enzyme, they adapted 
Cas13b for precise RNA editing (Cox et al., 2017). This new system, termed REPAIR (RNA editing for 
programmable A to I (G) replacement) is the first CRISPR tool for RNA editing. Two years after that, the 
lab published a paper on an RNA editor that allows C to U edits (RESCUE). We’ll walk through how 
these tools were developed and potential ways you can use it in your research.

RNA editing advantages
RNA editing has multiple advantages over more traditional DNA editing systems; first, RNA editing 
doesn’t require homology-directed repair (HDR) machinery, and could thus be used in non-dividing 
cells. Cas13 enzymes also don’t require a PAM sequence at the target locus, making them more flexible 
than Cas9/Cpf1. Some Cas13 enzymes prefer targets with a given single base protospacer flanking site 
(PFS) sequence, but orthologs like LwaCas13a do not require a specific PFS. Cas13 enzymes do not 
contain the RuvC and HNH domains responsible for DNA cleavage, so they cannot directly edit the 
genome. A Cas13-based RNA editing system would likely be reversible and would avoid genomic off-
targets or indels introduced through non-homologous end joining (NHEJ).

Designing an RNA editor
The Zhang lab envisioned a two-component RNA editor: a Cas13 enzyme fused to an RNA adenosine 
deaminase (ADAR). Such a system would convert adenine to inosine, which the translational machinery 
treats like guanine. This RNA editor would permit point mutations in RNA which could recapitulate 
or rescue known pathogenic alleles, or introduce a premature stop codon to render an RNA 
nonfunctional.

In their quest to build a robust RNA editor, the lab started with the Cas13 scaffold, testing a whopping 
21 Cas13a orthologs, 15 Cas13b orthologs, and 7 Cas13c orthologs. They hoped to find a stably folded 
ortholog that cleaved RNA robustly, unlike LwaCas13a, which must be stabilized by monomeric 
superfolded GFP and averages only ~50% RNA knockdown. In initial tests, Cas13b from Prevotella 
sep. P5-125 (PspCas13b) yielded 62.9% average knockdown, and they chose this enzyme for further 
studies. PspCas13b does not require a PFS, and it is sensitive to mismatches in target RNA from bases 
12-26 of a 30 nt target sequence.

For the editing portion of the protein, they examined ADAR1 and ADAR2, which deaminate adenosine 
to inosine in RNA, creating a functional A->G change. They fused ADAR deaminase domains (ADARDD) 
to dPspCas13b, but observed low RNA editing. To increase A->G editing, they employed hyperactive 
ADAR constructs, like ADAR2DD(E488Q). They also adjusted the structure of the guide RNA by 
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introducing a C opposite the target A to be edited. This change specifies the edit to be made when 
multiple As are present in the gRNA spacer, as ADAR will preferentially edit an adenine if the template 
has a cytosine mismatch at that position.

PspCas13b-ADAR2DD(E488Q) 
displayed robust editing with various 
spacer lengths from 30-84 nucleotides. 
This system was designated REPAIRv1. 
Using next-generation sequencing, 
they confirmed A->I editing and found 
that 50 nt spacers increase editing 
efficiency but also increase off-target 
editing within the target window, 
possibly due to longer stretches of 
duplexed RNA. Using an ADAR2DD 
catalytic mutant, they showed that 
editing is mediated by ADAR2DD, not 
PspCas13b.

Testing and improving RNA editing from the Cas13b REPAIR 
system
To test the robustness of REPAIRv1, the lab targeted 34 pathogenic G->A mutations from the ClinVar 
database. They successfully edited 33/34 sites with a maximum of 28% editing efficiency in HEK293T 
cells, as assessed using RNA-seq. Since the REPAIRv1 machinery is too large to fit into adeno-
associated viral vectors, they tested truncated ADARDDs to see if they could shrink the construct. They 
identified ADAR2DD(delta984-1090), which decreases the REPAIRv1 construct size from 4,473 bp to 
4,152 bp without decreasing editing efficiency.

Although REPAIRv1 knockdown is more precise than shRNA knockdown, it still displays substantial off-
target activity. By mutating residues in ADAR2 that interact with duplex RNA, they hoped to destabilize 
ADAR-RNA binding to decrease off-targets. Of the tested constructs, ADAR2DD(E488Q/T375G) 
(REPAIRv2) had the highest on-target efficiency and the lowest amount of off-target editing. In one 
direct transcriptome-wide comparison, REPAIRv2 reduced off-target sites from the 18,385 observed 
with REPAIRv1 to merely 20.

Figure 1: gRNA and dCas13b complex forms and targets the RNA. 
The A is converted to an I at the site of mismatch. The new I is 
treated as a G by translation machinery.
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Expanding RNA Editing Capabilities through RESCUE
Two years later, the Zhang lab expanded the RNA editing toolkit to allow C to U edits using their 
RESCUE (RNA Editing for Specific C-to-U Exchange) system (Abudayyeh et al., 2019). To avoid some 
of the inherent drawbacks for RNA editing with natural cytidine deaminases, they evolved the adenine 
deaminase ADAR2DD to deaminate cytidine and used dRanCas13b (catalytically inactive Cas13) to 
target the cytosine deaminase. Three rounds of rational mutagenesis on the ADAR2DD residues that 
contact the RNA substrate resulted in 15% C-to-U editing activity. They then performed sixteen rounds 
of directed evolution across the full ADAR2DD to further optimize cytidine deaminase activity. While 
RESCUE can perform C-to-U edits, the authors note that it retains its adenine deaminase ability.

The authors then tested the RESCUE system’s ability to edit endogenous transcripts finding up to 
42% editing efficiency. They note that RESCUE is most active in a 30 nt guide when C or U base-flips 
are present across from the target base. However, they saw that in addition to the targeted C-to-U 
edit, RESCUE had A-to-I off-target edits around the targeted nucleotide. Introduction of guanine-
mismatches in the guide across from these off-target edits helped to minimize local off-target editing 
by RESCUE. To address both C-to-U and A-to-I transcriptome-wide off target effects observed in whole-
transcriptome RNA-sequencing, the authors performed rational mutagenesis and identified that a 
S375A mutation in RESCUE (named RESCUE-S) offered ~76% on-target C-to-U editing while reducing 
off-target C-to-U edits by ~45% and off-target A-to-I edies by ~94% compared to RESCUE.  

Addressing the potential use of RESCUE in therapeutic applications, the authors tested various 
dRanCas13b truncations that would allow packaging the construct for viral delivery. They found 
C-terminal truncations allowed the same or improved editing ability in a RESCUE system small enough 
for viral delivery. 

Future directions
Building on previous RNA targeting work with Cas13, REPAIR is the first CRISPR-based system to 
enable precise RNA editing. The addition of RESCUE further expands the RNA editing toolkit and 
sequences that can be edited. As discussed above, the ability to edit RNA has multiple advantages, 
including reversibility and use in non-dividing cells. With the expanded targeting ability using both 
systems, the authors look forward to the expanded use of RNA editing in research and its potential 
therapeutic uses.
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Cas13d: Small RNA-targeting CRISPR enzymes 
for transcriptome engineering
By Mary Gearing | May 3, 2018

RNA-editing Cas13 enzymes have taken the CRISPR world by storm. Like RNA interference, these 
enzymes can knock down RNA without altering the genome, but Cas13s have higher on-target 
specificity. New work from Konermann et al. and Yan et al. describes new Cas13d enzymes that 
average only 2.8 kb in size and are easy to package in low-capacity vectors! These small, but mighty 
type VI-D enzymes are the latest tools in the transcriptome engineering toolbox.

How were Cas13d enzymes discovered?
Microbial CRISPR diversity is impressive, and researchers are just beginning to tap the wealth of 
CRISPR possibilities. To identify Cas13d, both groups used very general bioinformatic screens that 
looked for a CRISPR repeat array near a putative effector nuclease. The Cas13d proteins they identified 
have little sequence similarity to previously identified Cas13a-c orthologs, but they do include HEPN 
nuclease domains characteristic of the Cas13 superfamily. Yan et al. proceeded to study orthologs 
from Eubacterium siraeum (EsCas13d) and Ruminococcus sp. (RspCas13d), while Konermann et al. 
characterized orthologs from “Anaerobic digester metagenome” (AdmCas13d) and Ruminococcus 
flavefaciens (nicknamed CasRx), as well as EsCas13d.

•	 Find the Yan et al. plasmids here
•	 Find the Konermann et al. plasmids here

How do Cas13d enzymes compare to other Cas13s?
Like other Cas13 enzymes, the Cas13d orthologs described in these papers can independently process 
their own CRISPR arrays into guide RNAs. crRNA cleavage is retained in dCas13d and is thus HEPN-
independent. These enzymes also do not require a protospacer flanking sequence, so you can target 
virtually any RNA sequence! In bacteria, Cas13d-mediated cleavage promotes collateral cleavage of 
other RNAs. As with other Cas13s, this collateral cleavage does not occur when Cas13d is expressed in 
a mammalian system.

Since Cas13d is functionally similar to previously discovered Cas13 enzymes - what makes these 
orthologs so special? The first property is size - Cas13d enzymes have a median length of ~930 amino 
acid - making them 17-26% smaller than other Cas13s and a whopping 33% smaller than Cas9! Their 
small size makes then easy to package in low-capacity vectors like AAV, a popular vector due to its low 
immunogenicity. But these studies also identified other advantages, including Cas13d-specific 
regulatory proteins and high targeting efficiency.

Figure 1: A comparison between Cas13d and CasRx
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Yan et al.: WYL-domain-
containing accessory 
protein WYL1 increases 
RspCas13d and 
EsCas13d cleavage 
activity
The majority of Type VI-D loci contain 
accessory proteins with WYL domains 
(named for the three conserved amino 
acids in the domain). Yan et al. from 
Arbor Biotechnologies found that 
RspCas13d accessory protein RspWYL1 
increases both targeted and collateral 
RNA degradation by RspCas13d. 
RspWYL1 also increased EsCas13d 
activity, indicating that WYL domain-

containing proteins may be broader regulators of Cas13d activity. This property makes WYL proteins 
an intriguing counterpart to anti-CRISPR proteins that negatively modulate the activity of Cas enzymes, 
some of which are also functional in multiple species (read Arbor Biotechnologies’ press release about 
their Cas13d deposit here).

Konermann et al.: CasRx is a highly potent, specific editor in 
mammalian cells
Not all Cas13d proteins are functional in mammalian cells, but Konermann et al. saw great results with 
CasRx and AdmCas13d fused to a nuclear localization signal (NLS). In a HEK293 mCherry reporter 
assay, CasRx and AdmCas13d produced 92% and 87% mCherry protein knockdown measured by 
flow cytometry, respectively. Cas13d CRISPR array processing is robust, with CasRx and either an 
unprocessed or processed gRNA array (22 nt spacer with 30 nt direct repeat) mediating potent 
knockdown. Multiplexing from the CRISPR array yielded >90% knockdown by CasRx for each of four 
targets, including two mRNAs and two nuclear long non-coding RNAs.

One interesting twist to Cas13d enzymes is their cleavage pattern: EsCas13d produced very similar 
cleavage products even when guides were tiled across a target RNA, indicating that this enzyme does 
not cleave at a predictable distance from the targeted region. Konermann et al. show that EsCas13d 
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favors cleavage at uracils, but a more detailed exploration of this cleavage pattern is necessary.

Konermann et al. compared CasRx to multiple RNA regulating methods: small hairpin RNA interference, 
dCas9-mediated transcriptional inhibition (CRISPRi), and Cas13a/Cas13b RNA knockdown. CasRx was 
the clear winner with median knockdown of 96% compared to 65% for shRNA, 53% for CRISPRi, and 
66-80% for other Cas13a and Cas13b effectors. Like previously characterized Cas13 enzymes, CasRx 
also displays very high on-target efficiency; where shRNA treatment produced 500-900 significant off-
targets, CasRx displayed zero. Unlike Cas9, for which efficiency varies widely across guide RNAs, each 
guide tested with CasRx yielded >80% knockdown. It seems that CasRx may make it possible to target 
essentially any RNA in a cell.

Since catalytically dead dCasRx maintains its RNA-binding properties, Konermann et al. tested its ability 
to manipulate RNA species through exon skipping. Previous CRISPR exon-skipping approaches used 
two guide RNAs to remove a given exon from the genome, and showed success in models of muscular 
dystrophy. In this case, Konermann et al. targeted MAPT, the gene encoding dementia-associated tau, 
delivering dCasRx and a 3-spacer array targeting the MAPT exon 10 splice acceptor and two putative 
splice enhancers. After AAV-mediated delivery to iPS-derived cortical neurons, dCasRx-mediated exon 
skipping improved the ratio of pathogenic to non-pathogenic tau by nearly 50%, showing proof-of-
concept for pre-clinical and clinical applications of dCasRx.

The identification of Type VI Cas13d enzymes is another win for bioinformatic data mining. As we 
continue to harness the natural diversity of CRISPR systems, only time will tell how large the genome 
and transcriptome engineering toolbox will be. It is, however, certain that the impact of CRISPR 
scientific sharing will continue to grow, and we at Addgene appreciate our depositors for making their 
tools available to the broader community.
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CRISPR Activation: A Practical Guide
By Marcelle Tuttle and Alex Chavez | Aug 18, 2016, Updated Oct 7, 2020 by Gabrielle Clouse

CRISPR/Cas9 is an enormously plastic tool and has taken the scientific world by storm. While Cas9 has 
been most widely used to create specific edits in DNA, there has also been significant work on 
constructing Cas9 transcriptional activators. These constructs allow for the upregulation of essentially 
any gene by fusing mutants of Cas9 deficient in DNA cutting activity to a transcriptional activation 
domain (Fig 1).

Two ways to use CRISPRa for your 
research
CRISPRa for specific gene targets

CRISPR activation for genes with known functions has the 
potential to be used in therapeutics, as it can increase 
gene expression at certain loci to create changes in 
phenotypes. For example, CRISPR activation has been 
used to differentiate induced pluripotent stem cells (Chavez et al., 2015) into neuronal cells by 
activating genes that cause differentiation and to reverse HIV viral latency (Bialek et al., 2016).

Additionally, CRISPR-based activation can be made inducible upon environmental triggers. This is done 
by creating a split dCas9 protein that can reassemble when exposed to specific UV wavelengths or 
chemicals (Polstein and Gersbach, 2015; Zetsche et al., 2015). These types of CRISPR activation are 
also reversible: once the environmental trigger leaves, gene expression is no longer activated.

However, there are several factors that may prevent your gene from being up-regulated. For instance, 
generally, the more highly expressed a gene is under native conditions, the less activation you can 
achieve using a CRISPRa. Your gene of interest might already be hitting an upper bound of activation 
that current Cas9 systems cannot help you pass. In addition, activation experiments often require quite 
a bit of tuning before you know your system is working as expected. Finally, for each gene you want to 
activate, you should also be ready to test three or four guides directed towards that gene as there can 
be a large difference in guide potency.

Thus, in cases where users have a single gene they want to activate, we would recommend using a 
cDNA overexpression vector rather than going through all the troubleshooting required for Cas9-based 
activation.

CRISPRa for genome-wide studies

One of the best uses for Cas9 activators is in genetic screening. gRNAs targeting every gene in the 

Figure 1: dCas9 binds upstream of a promoter 
and drives transcription using activators.
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human genome, for example, can be made easily and cheaply using oligo library synthesis. Prior 
to Cas9 activators, similar tools were made using other DNA binding proteins such as zinc fingers 
(ZF) and TAL effectors (TALE). Unlike these constructs, however, Cas9 allows you to easily change 
the sequence targeted by the activator by simply providing a new gRNA rather than engineering an 
entirely new protein. This makes it much cheaper to use Cas9 activators.

This larger scale of activation allows for exploratory-based research as well. For example, CRISPRa can 
be used to find potential cancer drug targets by finding genes that cause cell death in cancer cell lines 
upon activation (Gilbert et al., 2014; Behan et al., 2019). Because of its ability to target multiple gene 
loci simultaneously, CRISPRa can also be used to map molecular pathways and genetic interactions. 
Additionally, large scale CRISPR-based screens can be used to gain insight into protein structure and 
function (Pan et al., 2018).

cDNA libraries, which 
consist of plasmids that 
over-express coding 
sequences from a given 
cell type or organism, have 
been used in a similar 
manner to Cas9 activators. 
However, these can be 
difficult to construct and 
deliver when compared 
to gRNAs. Additionaly, 
cDNAs cannot be used 
to study in cis regulation 
and also suffer from an 
inability to easily deliver 
the appropriate isoform(s) 
of a given gene, as, many 
times, the isoform(s) 
common to a particular 
cell type are unknown or 
not readily available. By 
activating from the native 
context of the gene, Cas9 
activators efficiently solve 
these problems.

Figure 2: The pros and cons of Cas9 activators and cDNA over-expression 
libraries
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Which Cas9 activator should I use?
There are a wide variety of activators you can use for your experiments. We have found that SAM 
(Konermann et al., 2014), Suntag (Tanenbaum et al., 2014, Gilber et al, 2014), and VPR (Chavez et 
al., 2015)) are good choices across multiple cell lines (HEK293T, MCF7, U2-OS, Hela, N2A, 3T3) and 
organisms (Chavez et al., 2016). To learn more about the different types of Cas9 activators, check out 
the next article.

Worry less about off targets
Unlike Cas9 cutting activity, off target effects are generally not regarded as being a large problem 
for Cas9 activators. This is believed to be true given the results of previous RNA-seq experiments 
(Konermann et al., 2014, Chavez et al., 2014, Chavez et al., 2016) along with a belief that the odds are 
very low that Cas9 would have an off-target that lands in the promoter of another gene, thereby driving 
aberrant transcription. That being said, we generally pick guides by putting the promoter of the gene 
into a gRNA finder such as WU-CRISPR (Wong et al., 2015)) or our lab’s sgRNA scorer 2.0 (Chari et al., 
2015) and picking whichever guides are closest to the transcription start site (TSS). We recommend 
targeting the guides to a region less than 200 bp upstream of TSS for best results but up to 400 bp 
works reasonably well.
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A Comparison of the Many CRISPR Activators
By Gabrielle Clouse | Oct 6, 2020

Prior to the discovery of CRISPR/Cas systems, gene activation across multiple loci was an arduous 
process. When using zinc finger proteins or TALE proteins, proteins had to be re-engineered for each 
gene, making wide-scale gene activation seem next to impossible. The development of CRISPR/Cas 
systems, however, greatly improved the simplicity of gene activation: rather than requiring protein 
engineering for each loci, CRISPR/Cas systems only require changing the programmable guide RNA.

Gene activation by dCas9, also referred to as CRISPRa, was initially published in 2013 (Bikard et al., 
2013, Perez-Pinera et al., 2013). In the years that followed, innovative methods greatly improved 
CRISPRa, expanding its practicality and popularity in research (Tanenbaum et al., 2014, Konermann et 
al., 2015, Chavez et al., 2015).

Most popular methods for CRISPR activation
CRISPR activation uses dCas9, a CRISPR protein variant lacking its endonuclease ability, to bind to 
genes without editing the genome (Qi et al., 2013). To target specific sequences, CRISPR/Cas systems 
rely on a guide RNA complementary to the sequence of interest. Upon binding, CRISPRa systems 
recruit transcription factors to increase gene expression. CRISPRa methods vary in their transcriptional 
activators: some methods rely on fusion proteins while others re-engineer components of Cas systems 
themselves. SunTag, SAM, and VPR have all shown significant improvements upon the initial dCas9-
VP64 method, so there are multiple options to choose from when looking to activate genes across 
diverse cell lines.  

dCas9-VP64

Description: CRISPR activation can occur through fusing dCas9 with VP64, a strong transcriptional 
activation domain. Guided by dCas9, VP64 recruits transcriptional machinery to specific sequences, 
causing targeted gene regulation. This can be used to activate 
transcription during either initiation or elongation, depending on which 
sequence is targeted.

Performance: dCas9-VP64 activation is generally thought of as the 
“first generation” CRISPR activator. While it requires a relatively simple 
construct, it exhibits modest levels of gene activation, with some genes 
experiencing around 2-fold activation levels. Although other methods 
have been able to achieve much higher activation, dCas9-VP64 is great 
for experiments that requires modest gene activation.

Figure 1: dCas9-VP64. The VP64 
domain recruits transcription 
factors the target DNA location 
specified by the sgRNA.
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Synergistic Activation Mediator (SAM)

Description: SAM uses specially engineered sgRNAs to 
increase transcription. This is done through creating a 
dCas9/VP64 fusion protein engineered with aptamers 
that bind to MS2 proteins. These MS2 proteins then 
recruit additional activation domains (HS1 and p65).

Performance: When targeting single genes, SAM 
consistently shows the highest levels of gene activation 
compared to other CRISPR activators, making it a 
popular method for gene activation experiments. In 
cases of multiplex gene regulation (activating multiple 
genes at once), however, SAM exhibits activation levels 
comparable to other popular activation methods (VPR 
and SunTag) (Chavez et al., 2016).

SunTag

Description: Rather than using a single copy of VP64 per each dCas9, SunTag uses a repeating 
peptide array to fused with multiple copies of VP64. By having multiple copies of VP64 at each loci of 
interest, this allows more transcriptional machinery to be recruited per targeted gene.

Performance: SunTag performs better than first generation activators while showing lower activation 
levels than SAM. One drawback of this method is its construction: it relies on antibody chains, which 
are relatively large and are not expressed consistently throughout cells.

Figure 2: SAM is a dCas9-VP64 fusion with 
aptamers on the gRNA that bind MS2 proteins.

Figure 3: SunTag uses a repeating peptide array fused to multiple 
copies of VP64.
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VPR

Description: VPR fuses a tripartite complex with dCas9 to activate 
transcription. This complex consists of the VP64 activator used 
in other CRISPR activation methods, as well as two other potent 
transcriptional activators (p65 and Rta). These transcriptional 
activators work in tandem to recruit transcription factors.

Performance: Generally, VPR is found to have significantly higher 
activation levels than the initial dCas9-VP64 activator, but lower 
levels compared to the SAM system. Its activation levels are similar 
to that of SunTag. An advantage to this method compared to other 
notable CRISPR activators is that it requires a fusion protein, rather 
than relying on a two-component system dependent on gRNA 
design (SAM) or peptide design (SunTag). This streamlines its 
delivery, making it a common choice for CRISPR activation.

Newer methods for CRISPR activation
While SAM, SunTag, and VPR have become the most popular methods for CRISPR activation, research 
in the area has continued to develop. These newer methods have not yet been rigorously compared to 
other CRISPR activators, but their initial results show promise for CRISPR-based gene activation.

dCas9-CBP

In this method, dCas9 is fused to CBP, an histone acetyltransferase domain capable of rearranging 
chromatin structure. This method has shown higher activation levels than SAM in some loci across 
Drosophila cell lines (Sajwan et al., 2019).

SPH

SPH combines components of SAM and SunTag activators, fusing the epitope tag of SunTag with the 
P65-HSF activation domains used in SAM. This method has been shown to activate genes at 2- to 
3-fold higher than SAM, SunTag, and VPR (Zhou et al., 2018).

We hope this helps you chose a CRISPR activator for your experiment. Good luck with your experiment!

Figure 4: VPR fuses a tripartite 
complex with dCas9 to activate 
transcription.

https://www.nature.com/articles/s41598-019-54179-x
https://www.nature.com/articles/s41593-017-0060-6
https://www.nature.com/articles/s41593-017-0060-6
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CRISPR/Cas9 technology has revolutionized the fields of molecular biology and bioengineering, as it 
has facilitated the development of a simple and scalable means of making targeted genetic edits. Cas9 
is a DNA binding protein that can be directed to virtually any genetic locus when complexed with an 
appropriately designed small RNA, or guide RNA (gRNA). The gRNA conventionally contains a 
20-nucleotide sequence that is complementary to the target site, or protospacer, in the genome. Native 
Cas9 has two catalytic domains, each of which cleaves one strand of DNA upon binding the 
protospacer. The resulting double strand break (DSB) stimulates DNA repair mechanisms that can be 
exploited to either inactivate a gene or introduce a desired genetic alteration.

Traditional Cas9 regulators
In addition to its utility in making targeted 
modifications to DNA, Cas9 can be 
reprogrammed to serve as a regulator 
of gene expression. Its catalytic domains 
can be mutated to inactivate the protein’s 
nucleolytic capability, and this nuclease-
null or “dead” Cas9 (dCas9) variant can 
then be fused to effector domains such as 
transcriptional activators or repressors. These 
fusion proteins retain the ability to recognize 
and bind to DNA; when complexed with a 
gRNA that directs them to the promoter of a 
gene of interest, they have been shown to 
dramatically alter levels of expression.

Cas9’s ability to alternately serve both as a 
means of modifying DNA and of modulating 
gene expression makes it an invaluable 
tool in the interrogation of gene function. 
However, there are limitations to a system 
that relies on two distinct Cas9 variants—
nuclease-competent or nuclease-null—in 
order to effect different perturbations. 

Consider, for instance, the challenge of attempting to simultaneously and selectively induce both 
cutting and regulation of expression at different genetic loci within a single cell. One might imagine 
transfecting cells with both the nuclease-positive and nuclease-null variants of Cas9 along with the 
necessary gRNAs, but it would not be possible to control which gRNA becomes complexed with 
which variant of Cas9. To circumvent this problem, previous studies have proposed the concurrent 

Figure 1: Schematic of native (nuclease-competent) 
Cas9 interacting with either a full-length gRNA (20 nt 
complementarity to target site) or truncated gRNA (less 
than or equal to 15 nt complementarity to target site). When 
complexed with a full-length gRNA, native Cas9’s two 
catalytic domains, HNH and RuvC, cleave DNA strands 
complementary and non-complementary to the gRNA, 
respectively. When complexed with a truncated gRNA, Cas9 
binds to the target site, but does not cut either strand of 
DNA.

https://www.addgene.org/crispr/activate/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/interfere/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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use of “orthogonal” Cas9 proteins derived from different bacterial species, each of which interacts 
with a distinct gRNA that allows users to decide which Cas9 protein is directed to which target site (1). 
Although this is possible, this strategy suffers from several limitations. Perhaps most importantly, most 
Cas9 orthologs are less well characterized than the conventionally used SpCas9 (derived from the 
bacterium Streptococcus pyogenes). Consequently, fewer genetic tools for targeted transcriptional 
and epigenetic regulation have been validated with these proteins. Furthermore, among those Cas9 
orthologs that have been scrutinized, the majority have been shown to exhibit more limited activity 
than SpCas9 (2). In many cases this is due both to lower relative nuclease efficiencies as well as to 
more stringent targeting rules that result in a decrease in available target sites.

Regulating gene expression with truncated gRNAs
An alternative approach is to modulate Cas9’s nuclease activity by modifying the gRNA with which it is 
complexed rather than the protein itself. When native Cas9 is complexed with a gRNA that has been 
truncated such that it exhibits 15 or fewer nucleotides of complementarity to a target site, Cas9’s DNA 
binding capability remains intact while its nucleolytic activity 
is eliminated (Fig. 1) (1, 3). The gRNA can be further modified 
by incorporation of an RNA hairpin, such as the MS2 
hairpin, that is capable of recruiting additional effector 
domains (4). Taken together, these minor gRNA alterations 
can be exploited to quickly and inexpensively generate a 
potent Cas9-based transcriptional regulator without making 
any functional changes to Cas9. For instance, when native 
(nuclease-competent) Cas9 interacts with a ≤15nt gRNA that 
contains an RNA adapter capable of recruiting a 
transcriptional activator, robust regulation of gene 
expression is observed in the absence of genome editing 
(Fig. 2 and 3) (5, 3).

Benefits of truncated gRNAs
Importantly, the use of truncated guides has largely been 
demonstrated to result in decreased mismatch tolerance 
and, consequently, increased specificity relative to the 
more commonly employed 20nt gRNAs. It should be noted, 
however, that on rare occasions truncated gRNAs (≤15nt) 
have been found to retain some ability to induce Cas9 to 
make edits (AC, WLC, and JQ, unpublished results). An 

Figure 2: Gene activation with nuclease-
competent Cas9. An RNA hairpin incorporated 
into the truncated gRNA recruits a 
transcriptional activator to the Cas9-gRNA 
complex. When this complex is directed to a 
target upstream of the transcriptional start site 
(TSS) of a gene of interest, it induces potent 
gene expression with no genetic alterations 
observed at the target stite.
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additional benefit of the use of truncated guides is that they can be delivered into systems that already 
express nuclease-competent Cas9, obviating the need to generate new cell lines or transgenic animals 
expressing dCas9 as a means of modulating gene expression (6).

Altering the length of gRNAs targeting different sites of interest thus represents a straightforward 
means of exerting tight control over Cas9 nuclease activity while eliminating the reliance on orthogonal 
Cas9 species. Within a single cell, full-length guides targeting one set of genetic loci can be introduced 
together with truncated gRNAs targeting a different set of loci to induce simultaneous cutting and 
transcriptional activation or repression at the respective sites.

References
1. Esvelt, Kevin M., et al. “Orthogonal Cas9 proteins for RNA-guided gene regulation and editing.” 
Nature methods 10.11 (2013): 1116-1121. PubMed PMID: 24076762. PubMed Central PMCID: 
PMC3844869.

2. Chari, Raj, et al. “Unraveling CRISPR-Cas9 genome engineering parameters via a library-on-library 
approach.” Nature methods 12.9 (2015): 823-826. PubMed PMID: 26167643.

3. Kiani, Samira, et al. “Cas9 gRNA engineering for genome editing, activation and repression.” Nature 
methods 12.11 (2015): 1051-1054. PubMed PMID: 26344044. PubMed Central PMCID: PMC4666719.

4. Mali, Prashant, et al. “RNA-guided human genome engineering via Cas9.” Science 339.6121 (2013): 
823-826. PubMed PMID: 23287722. PubMed Central PMCID: PMC3712628.

5. Dahlman, James E., et al. “Orthogonal gene knockout and activation with a catalytically active 
Cas9 nuclease.” Nature biotechnology (2015). PubMed PMID: 26436575. PubMed Central PMCID: 
PMC4747789.

6. Platt, Randall J., et al. “CRISPR-Cas9 knockin mice for genome editing and cancer modeling.” Cell 
159.2 (2014): 440-455. PubMed PMID: 25263330. PubMed Central PMCID: PMC4265475.



Addgene’s CRISPR eBook (3rd edition)

105

Chapter 6 - Cas Function: Activation/Repression

Epigenetics and Editing the Epigenome
By Mary Gearing | Feb 14, 2017, Updated Jun 24, 2020	 by Leah Schwiesow

Epigenetic modifications are an additional layer of control over gene expression that go beyond 
genomic sequence. Dysregulation of the epigenome (the sum of epigenetic modifications across 
the genome) has been implicated in disease states, and targeting the epigenome may make certain 
processes, like cellular reprogramming of iPSCs, more efficient. In general, epigenetic chromatin 
modifications are correlated with alterations in gene expression, but causality and mechanisms remain 
unclear. Today, targeted epigenetic modification at specific genomic loci is possible using CRISPR, and 
Addgene has a number of tools for this purpose.

Epigenetics began as a correlative field in which covalent modifications to DNA or histones, the 
proteins that help package DNA, were associated with gene expression or silencing. To alter DNA 
modifications, researchers used blunt tools like histone deacetylases, but targeted epigenetic 
modification was impossible. With the genome engineering revolution came epigenome-engineering 
tools - zinc finger nucleases and TALENs fused to epigenetic modifiers enabled epigenetic 
modifications at a user-specified locus.

Researchers showed that TALE-TET1 constructs, which fused a TALEN to the Tet1 demethylase catalytic 
domain, could mediate demethylation and induce transcription at CpG regions of various promoters. 
Other researchers additionally fused a TAL effector to LSD1 histone demethylase to demethylate 
enhancer regions (Mendenhall et al., 2013). By comparing gene activation when enhancers were active 
or silent, they could identify the target genes of previously uncharacterized enhancers. The popular 
TALEN-based LITE system, which uses light to regulate transcription, also includes light-regulated 
histone methyltransferases and deacetylases.

CRISPR and epigenetics
As with many TALEN-based technologies, the advent of CRISPR has made targeting much easier! With 
the help of guide RNAs, fusions between Cas proteins and the epigenetic modifier could be targeted 
to specific DNA sequences. Non-editing CRISPR applications direct catalytically dead dCas9 fused to a 
variety of epigenetic modifiers to specific loci without inducing double strand breaks. Below you’ll find 
some of the CRISPR-based epigenetic modifiers available from Addgene. For most of these constructs, 
catalytically dead modifiers are also available as controls. For an up-to-date list of CRISPR epigenetic 
tools, check out our CRISPR Epigenetics resource.

Transcriptional activation

p300 acetyltransferase: dCas9 fused to the catalytic domain of p300 acetyltransferase increases levels 
of H3K27ac histone modification at specified loci. Charles Gersbach’s lab has deposited mammalian 
expression constructs including pcDNA-dCas9-p300 Core and pcDNA3.3-Nm-dCas9-p300 Core, as 
well as pLV-dCas9-p300-P2A-PuroR for lentiviral expression.

https://www.addgene.org/browse/article/7448/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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Figure 1. dCas9-p300 adds H3K27ac marks to histones in promoter and enhancer 
regions. These marks are associated with transcriptional activation.

Tet1 demethylase: Ronggui Hu’s lab has created pdCas9-Tet1-CD for targeted cytosine demethylation in 
mammalian cells. This plasmid is used with pcDNA3.1-MS2-Tet1-CD to decrease methylation and 
activate transcription. A lentiviral vector with the same modifier, Fuw-dCas9-Tet1CD, is available from 
Rudolf Jaenisch’s lab in plasmid form or as ready-to-use lentivirus. Tet1 initiates cytosine demethylation 
of DNA. However, several proteins in the DNA oxidation and repair pathways work downstream of Tet1 
to restore the DNA after cytosine removal. Recently, Albert Cheng’s lab developed Casilio-ME, which is 
based on their Casilio system. This system allows for targeted delivery of Tet1 alone, or coupled with 
DNA oxidation and repair factors that allow for increased gene activation at the targeted site compared 
to other Tet1 delivery systems.

Figure 2. dCas9-Tet1 demethylates cytosines at promoters and enhancers. This 
targeted demethylation is associated with increased transcription.

Figure 3. dCas9-DNMT3A methylates cytosines at promoters and enhancers. This 
targeted methylation is associated with transcriptional repression.

Transcriptional repression

DNA Methyltransferase 3 Alpha (DNMT3A): Vlatka Zoldoš’ lab has deposited pdCas9-DNMT3A-EGFP 
and pdCas9-DNMT3A-PuroR for targeted cytosine methylation in mammalian cells. Co-expression 
markers EGFP and PuroR enable sorting and selection of transduced cells. Grant Challen’s lab also 
created constitutive (pCMV-dCas9-D3A) and Tet-dependent (TetO-dCas9-D3A) constructs. For lentiviral 
expression, Fuw-dCas9-Dnmt3a and Fuw-dCas9-Dnmt3a-P2A-tagBFP are available from Rudolf 
Jaenisch’s lab, with the former also available as ready-to-use lentivirus.

DNA Methyltransferase MQ1: Margaret Goodell’s lab has deposited pcDNA3.1-dCas9-MQ1(Q147L)-
EGFP, a fusion of dCas9 to a small DNA methyltransferase from the prokaryote Mollicutes spiroplasma 
(M. Sss1) (termed MQ1.) The Q147L mutation improves methylation kinetics such that cytosine 
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Figure 3. dCas9-DNMT3A methylates cytosines at promoters and enhancers. This 
targeted methylation is associated with transcriptional repression.

methylation occurs within 24 hours rather than over a period of several days, as seen with other 
epigenome-editing tools. pLV hUbC-dCas9-MQ1(Q147L)-EGFP is also available for lentiviral 
transduction.

Lysine-specific Demethylase 1 (LSD1): Tatjana Sauka-Spengler’s lab has deposited pX330a dCas9-
LSD1 for targeted removal of H3K4me1/2 and H3K9me2 histone modifications. Like the TALE-LSD1 
system described above, dCas9-LSD1 inactivates targeted enhancers. Although the lab used this 
vector in chick embryos, it also functions in mammalian expression systems. Christopher Newgard’s 
Lab has fused LSD1 to the smaller nuclease-dead Staphylococcus aureus Cas9 (Sa-Cas) and deposited 
plasmid IF311: pMAGIC (R4-R3) NLS-Sa dCas9-NLS-LSD1. LSD1 is a particularly large protein, and this 
fusion allows for packaging into viral vectors and targeted delivery into hard-to-manipulate cell types. 
They have also fused LSD1 to x-Cas9(3.7). x-Cas9(3.7) is a SpCas9 mutant that exhibits increased PAM 
flexibility, and this fusion protein allows for LSD1 targeting to a wider set of genomic targets. These two 
vectors are part of the larger pMVP/pMAGIC cloning system, which contains Cas9 fusions for several 
epigenetic modifiers, and is available as a kit from Addgene.

Why use epigenetic modifiers?
Epigenetic modification is certainly not the only CRISPR-based technology designed to alter gene 
expression. Fusing dCas9 to a transcriptional activator like VP64 or VPR activates transcription, 
whereas dCas9-KRAB fusions repress transcription. Both of these methods also recruit epigenetic 
machinery - but is there an advantage to using direct epigenetic modifiers?

As with any experiment, your desired outcome will determine the tool that you should use. If you want 
to study the effects of one particular modification for which a targeted editor, like H3K27ac, is available, 
an epigenetic tool would be your best bet.

Another potential advantage of CRISPR epigenetic tools is their persistence and inheritance. CRISPR 
activators and repressors are thought to be reversible once the effector is inactivated/removed from 
the system. In contrast, epigenetic marks left by targeted epigenetic modifiers may be more frequently 
inherited by daughter cells. For example, KRAB induced silencing was transient and quickly reversed in 

Tet1 demethylase: Ronggui Hu’s lab has created pdCas9-Tet1-CD for targeted cytosine demethylation in 
mammalian cells. This plasmid is used with pcDNA3.1-MS2-Tet1-CD to decrease methylation and 
activate transcription. A lentiviral vector with the same modifier, Fuw-dCas9-Tet1CD, is available from 
Rudolf Jaenisch’s lab in plasmid form or as ready-to-use lentivirus. Tet1 initiates cytosine demethylation 
of DNA. However, several proteins in the DNA oxidation and repair pathways work downstream of Tet1 
to restore the DNA after cytosine removal. Recently, Albert Cheng’s lab developed Casilio-ME, which is 
based on their Casilio system. This system allows for targeted delivery of Tet1 alone, or coupled with 
DNA oxidation and repair factors that allow for increased gene activation at the targeted site compared 
to other Tet1 delivery systems.

Transcriptional repression

DNA Methyltransferase 3 Alpha (DNMT3A): Vlatka Zoldoš’ lab has deposited pdCas9-DNMT3A-EGFP 
and pdCas9-DNMT3A-PuroR for targeted cytosine methylation in mammalian cells. Co-expression 
markers EGFP and PuroR enable sorting and selection of transduced cells. Grant Challen’s lab also 
created constitutive (pCMV-dCas9-D3A) and Tet-dependent (TetO-dCas9-D3A) constructs. For lentiviral 
expression, Fuw-dCas9-Dnmt3a and Fuw-dCas9-Dnmt3a-P2A-tagBFP are available from Rudolf 
Jaenisch’s lab, with the former also available as ready-to-use lentivirus.

DNA Methyltransferase MQ1: Margaret Goodell’s lab has deposited pcDNA3.1-dCas9-MQ1(Q147L)-
EGFP, a fusion of dCas9 to a small DNA methyltransferase from the prokaryote Mollicutes spiroplasma 
(M. Sss1) (termed MQ1.) The Q147L mutation improves methylation kinetics such that cytosine 

Figure 1. dCas9-p300 adds H3K27ac marks to histones in promoter and enhancer 
regions. These marks are associated with transcriptional activation.

Figure 2. dCas9-Tet1 demethylates cytosines at promoters and enhancers. This 
targeted demethylation is associated with increased transcription.
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culture. However, DNMT3A-induced methylation persisted throughout a 100 day experimental period, 
as this mark was faithfully propagated in culture and in vivo.

In certain cases, epigenetic modifiers may work better than activators/repressors - dCas9-p300 
increased transcriptional activation more than dCas9-VP64, especially when targeting distal enhancers. 
As the effects of these tools are likely cell type- and context-dependent, it may make sense to try 
multiple CRISPR tools when setting up your experimental system.
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How to Design Your gRNA for CRISPR Genome 
Editing
By John Doench | May 3, 2017, Updated Sep 24, 2020

CRISPR technology has made it easier than ever both to engineer specific DNA edits and to perform 
functional screens to identify genes involved in a phenotype of interest. This article will discuss 
differences between these approaches, and provide updates on how best to design gRNAs. You can 
also find validated gRNAs for your next experiment in Addgene’s Validated gRNA Sequence Datatable. 
A more extended discussion of these subjects can be found in two recent review articles (Doench et 
al., 2017, and Hanna et al., 2020) and references therein.

Important considerations before you start an experiment with 
CRISPR
The hammer, the jigsaw, and the wrench are all great tools, but which one you use, of course, depends 
on what you are trying to do – there’s no “best” tool among them. While this seems obvious, it is 
important to remember that the same is true when designing gRNAs for using CRISPR technology – 
the “best” gRNA depends an awful lot on what you are trying to do: gene knockout, a specific base 
edit, or modulation of gene expression.

Location and sequence are important considerations for designing your gRNAs. For indels, it’s not 
so important what location in the gene you target, but it is important that your gRNA sequence is 
designed to be highly active and reduce off targets. For CRISPRa and CRISPRi, these considerations 
are of roughly equal importance (target should be near the TSS but you can worry less about sequence 
optimality because you generally have fewer sequences to choose from). Finally, for HDR, location is 
much more important because you have to target within ~30 nt of your proposed edit, which means 
there are so few gRNAs to choose from that sequence preferences must largely be ignored.

The hammer: Gene knockout by NHEJ

Gene knockout with CRISPR technology is usually accomplished by Cas9-mediated dsDNA breaks: 
following a cut, the error-prone nature of non-homologous end joining (NHEJ) often leads to the 
generation of indels and thus frameshifts that disrupt the protein-coding capacity of a locus. When 
using S. pyogenes Cas9 (SpCas9), potential target sites are both [5’-20nt-NGG] and [5’-CCN-20nt], as 
it is equally efficacious to target the coding or non-coding strand of DNA. As a rule of thumb, we avoid 
target sites that code for amino acids near the N’ terminus of the protein, in order to mitigate the ability 
of the cell to use an alternative ATG downstream of the annotated start codon. Likewise, we avoid 
target sites that code for amino acids close to the C’ terminus of the protein, to maximize the chances 
of creating a non-functional allele. For a 1 kilobase gene, since potential target sites occur ~1 in every 8 
nucleotides, restricting gRNAs to 5 – 65% of the protein coding region will still result in many dozens 
of gRNAs to choose from. With so many possibilities, picking a gRNA with an optimized sequence is of 
primary importance (more on this below).
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The jigsaw: Editing by HDR, base editing, and prime editing

For a specific edit, such as the insertion of a fluorescent tag or the introduction of a specific mutation, 
one generally relies on homology directed repair (HDR) to incorporate new information into DNA. 
This also requires an exogenous DNA template. HDR, however, is a very low-efficiency process, and 
usually involves the need for single cell cloning and subsequent screening for successful edits. This is 
a very time consuming process and should not be undertaken lightly! Indeed, truly achieving the gold 
standard requires not one but two rounds of single cell cloning – as a control, one should revert the 
edit back to the original in order to prove that the phenotype was really due to the intended edit rather 
than some passenger variant that came along with the single cell clone (although this is rarely done).

When targeting a dsDNA break for HDR, the choice of target site is far more constrained by the desired 
location of edit; efficiency decreases dramatically when the cut site is >30nt from the proximal ends of 
the repair template (Yang et al., 2013). This means that, for gene editing, there are usually few potential 
gRNAs. While SpCas9, with a PAM preference of NGG, is still the most widely-used Cas enzyme, the 
development of SaCas9, NmeCas9, Cas12a enzymes, and engineered variants thereof offers additional 
PAM options that can greatly expand gRNA options.

Two newer technologies offer an alternative to HDR for introducing edits. The same locational 
constraints are even more exquisite for the so-called base editor Cas9, which makes DNA changes 
in the absence of dsDNA breaks (Rees et al., 2018). For C>T and A>G base editors, the intended edit 
must be in a 5 - 10 nt window relative to the PAM, and bystander edits are possible if there is another 
target C or A in the window. Another technology, prime editing (reviewed in Anzalone et al., 2020). is 
not limited to single nucleotide transitions but still requires a nearby PAM, although these are still early 
days for this technology, and the user may need to optimize numerous parameters to generate the 
desired edit.

The wrench: Gene activation and inhibition by CRISPRa and CRISPRi

Finally, for modulating gene expression at the level of transcription – CRISPRa (activation) and CRISPRi 
(inhibition) technologies – a nuclease-dead Cas9 (dCas9) is directed near the promoter of a target 
gene. Here, the target window is not quite as broad as for knockout via CRISPR cutting. For CRISPRa, 
it is most-efficacious to target a ~100nt window upstream of the transcription start site (TSS), while for 
CRISPRi, a ~100nt window downstream of the TSS gives the most activity. Thus, a given gene will only 
have a dozen or so gRNAs to choose from in the optimal location. It is also important to have good 
information on the exact location of the TSS. Different databases annotate the TSS in different ways, 
and it has been shown that the FANTOM database, which relies on CAGE-seq to directly capture the 
mRNA cap, provides the most accurate mapping (Radzisheuskaya et al., 2016). In this case, location 
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and sequence are of approximately equal importance in design – an optimized sequence will do little 
if it is in the wrong place, but because the target window is more-narrow, there are fewer gRNA to 
choose from, and thus an optimal sequence may not be available.

Predicting gRNA efficacy
We and others have examined the ability to use sequence-based and other features to nominate 
gRNAs that are likely to be active, not only for SpCas9 but also for some other Cas enzymes. It seems 
to be the case that there is no universal scoring system for selecting a gRNA, as the method of 
producing the guide (synthetic, in vitro transcription, or lentiviral delivery) can affect the accuracy of a 
predictive score, as well as dynamic aspects of the target (e.g. accessibility due to chromatin status). 
No computational prediction is ever perfect, but this can decrease the number of guides one needs to 
test in the lab.

Importantly, for any modification of interest, it would be unwise to make conclusions on the basis of the 
activity of a single gRNA, and thus diversity of gRNAs across a gene should be examined whenever 
possible when using knockout or transcriptional modulation approaches.

Avoiding off-target effects
The off-target activity of gRNAs is important to consider. While the basic landscape of mismatches that 
can nevertheless still lead to activity has been established, and can be used to identify sites that are 
likely to give rise to an off-target effect, there’s not enough data to fully predict which sites will and will 
not show appreciable levels of modification. Whole-genome sequencing of cells modified by CRISPR 
indicates that the consequences of off-target activity, at least for the experimental conditions used, 
led to no detectable mutations (Veres et al., 2014). When working with single-cell clones, the authors 
note that “clonal heterogeneity may represent a more serious obstacle to the generation of truly 
isogenic cell lines than nuclease-mediated off-target effects.” Further, large-scale datasets of hundreds 
of genetic screens using genome-wide libraries have shown high concordance between different 
sequences targeting the same gene, suggesting that off-target effects did not overwhelm true signal in 
these assays (Dempster et al., 2019). Again, the experimental strategy is clear: for any gene of interest, 
one should require that multiple gRNAs of different sequences give rise to the same phenotype in 
order to conclude that the phenotype is due to an on-target effect.

Conclusions
Selection of gRNAs for an experiment needs to balance maximizing on-target activity while minimizing 
off-target activity, which sounds obvious but can often require difficult decisions. For example, would 
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it be better to use a less-active gRNA that targets a truly unique site in the genome, or a more-active 
gRNA with one additional target site in a region of the genome with no known function? For the 
creation of stable cell models that are to be used for long-term study, the former may be the better 
choice. For a genome-wide library to conduct genetic screens, however, a library composed of the 
latter would likely be more effective, so long as care is taken in the interpretation of results by requiring 
multiple sequences targeting a gene to score in order to call that gene a hit. 

This is an exciting time for functional genomics, with an ever-expanding list of tools to probe gene 
function. The best tools are only as good as the person using them, and the proper use of CRISPR 
technology will always depend on careful experimental design, execution, and analysis.

References
Anzalone AV, Koblan LW, Liu DR (2020) Genome editing with CRISPR–Cas nucleases, base editors, 
transposases and prime editors. Nat Biotechnol 38:824–844 . https://doi.org/10.1038/s41587-020-0561-
9

Dempster JM, Pacini C, Pantel S, Behan FM, Green T, Krill-Burger J, Beaver CM, Younger ST, Zhivich 
V, Najgebauer H, Allen F, Gonçalves E, Shepherd R, Doench JG, Yusa K, Vazquez F, Parts L, Boehm 
JS, Golub TR, Hahn WC, Root DE, Garnett MJ, Tsherniak A, Iorio F (2019) Agreement between two 
large pan-cancer CRISPR-Cas9 gene dependency data sets. Nat Commun 10: . https://doi.org/10.1038/
s41467-019-13805-y

Doench JG (2017) Am I ready for CRISPR? A user’s guide to genetic screens. Nat Rev Genet 19:67–80 . 
https://doi.org/10.1038/nrg.2017.97

Hanna RE, Doench JG (2020) Design and analysis of CRISPR–Cas experiments. Nat Biotechnol 
38:813–823 . https://doi.org/10.1038/s41587-020-0490-7

Radzisheuskaya A, Shlyueva D, Müller I, Helin K (2016) Optimizing sgRNA position markedly improves 
the efficiency of CRISPR/dCas9-mediated transcriptional repression. Nucleic Acids Res 44:e141–e141 . 
https://doi.org/10.1093/nar/gkw583

Rees HA, Liu DR (2018) Base editing: precision chemistry on the genome and transcriptome of living 
cells. Nat Rev Genet 19:770–788 . https://doi.org/10.1038/s41576-018-0059-1

Veres A, Gosis BS, Ding Q, Collins R, Ragavendran A, Brand H, Erdin S, Cowan CA, Talkowski ME, 
Musunuru K (2014) Low Incidence of Off-Target Mutations in Individual CRISPR-Cas9 and TALEN 
Targeted Human Stem Cell Clones Detected by Whole-Genome Sequencing. Cell Stem Cell 15:27–30 . 



Addgene’s CRISPR eBook (3rd edition)

115

Chapter 7 - Guide RNAs

How to Design Your gRNA for CRISPR Genome 
Editing (CONT’D)

https://doi.org/10.1016/j.stem.2014.04.020

Yang L, Guell M, Byrne S, Yang JL, De Los Angeles A, Mali P, Aach J, Kim-Kiselak C, Briggs AW, Rios X, 
Huang P-Y, Daley G, Church G (2013) Optimization of scarless human stem cell genome editing. Nucleic 
Acids Research 41:9049–9061 . https://doi.org/10.1093/nar/gkt555



Addgene’s CRISPR eBook (3rd edition)

116

Multiplex Expression of gRNAs
By Mary Gearing | Jan 28, 2016, Updated Sep 10, 2020 by Jennifer Tsang

CRISPR makes it easy to target multiple loci - a concept called multiplexing. Since CRISPR is such a 
robust system, editing or labeling efficiency doesn’t usually change when you add multiple gRNAs 
on one plasmid. Sound good? Addgene has many tools to help you multiplex - we’ll use mammalian 
plasmids to introduce you to some of your potential options and cloning methods, but please scroll 
down for plasmids suitable for other model systems, including E. coli, plants, Drosophila, and zebrafish!

Why use multiplexed gRNAs?
By expressing multiple gRNAs on the same plasmid, you’ll make sure that each cell that gets the 
plasmid contains all of the desired gRNAs. This increases the chance that all the edits you want to 
make will happen. 

There are many reasons to multiplex gRNAs, 
some being:
•	 Using dual nickases to generate a 

knockout or edit. This can help reduce off-
target activity.

•	 Deleting a large region of the genome 
by removing the sequence between two 
target sites.

•	 Modifying multiple genes at once. Using 
multiplexed gRNAs can target multiple 
locations in the genome to modify, whether it be editing CRISPRi, CRISPRa, or base editing.

Multiplexing gRNAs: the basics
One common question Addgene Senior Scientists receive is: can I express more than one gRNA from 
a single promoter using a plasmid like pX330? Unfortunately, the short answer is no. Unless you use a 
system for processing a continuous multi-gRNA transcript, each gRNA must be expressed from its own 
promoter. But that doesn’t mean you have to clone and transfect multiple promoter-gRNA constructs in 
order to target multiple sites! In this post, we’ll cover Cas9 multiplexing options, but also check out our 
blog post about multiplexing with Cpf1.

Let’s start with the simplest multiplexing situation: you only need to express two gRNAs at the 
same time. One system you could use is pX333 from the Ventura lab. pX333, a modification of 
pX330, contains humanized wtCas9 and two U6 promoters. To use this plasmid, you simply order 
oligonucleotides for your chosen gRNA target sequences and clone them in just as you would for a 
single gRNA. You’ll clone in the first gRNA using restriction enzyme BbsI and the second gRNA using 

Figure 1: Multiplexing allows researchers to express multiple 
gRNA from a single construct. DNA and RNA are not to 
scale.
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restriction enzyme BsaI. If you’re working in Drosophila, a two-gRNA expressing plasmid is available 
from the Bullock lab, and gRNAs can be inserted using Gibson Assembly or SLIC cloning methods. A 
BsaI-based E. coli multiplexing plasmid is available from the Koffas lab.

Scaling up your multiplexed gRNAs with Golden Gate and Gibson 
assembly methods
If you want to scale up the number of gRNAs in your plasmid, you’ll need to use some assembly 
methods such as Golden Gate or Gibson assembly.

Golden Gate Assembly of gRNAs

Golden Gate Assembly uses Type IIS restriction enzymes, which cleave outside of their recognition 
sequence, creating flanking overhangs. These overhangs can be customized to link together multiple 
fragments, allowing ordered assembly of multiple components into a destination vector. This is 
illustrated in the schematic.

The first step in CRISPR/Cas9 Golden Gate multiplexing is to clone the oligonucleotides specifying 
each gRNA target 
sequence into distinct 
expression vectors 
using the enzyme 
BbsI. These expression 
vectors each contain 
Type IIS restriction sites 
flanking the promoter-
gRNA construct, but 
with different sequences 
adjacent to the sites. 
When digested with 
the appropriate Type 
IIS enzyme, the unique 
flanking overhang 
sequences can link 
together to allow for 
ordered assembly into 
a destination vector that 
expresses Cas9. 

Figure 2: gRNA target sequences are cloned into various plasmids using 
oligonucleotides. These plasmids contain Type IIS restriction sites that flank the 
promoter-gRNA constructs. When these plasmids are digested, unique overhangs 
(here, O1-4) adjacent to the cut sites “link” fragments together and drive ordered 
assembly into a Cas9-containing destination vector. Note: depending on which 
method you use, the procedure will vary slightly.

Chapter 7 - Guide RNAs

Multiplex Expression of gRNAs (CONT’D)

https://www.addgene.org/49411/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/65006/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr


Addgene’s CRISPR eBook (3rd edition)

118

Chapter 7 - Guide RNAs

Two Golden Gate options that are available from Addgene follow these same assembly principles, but 
they’re optimized for different purposes.

Gersbach Lab multiplexing plasmids: This plasmid set allows you to express 2-4 gRNAs, with four 
being the ideal number. First you generate four unique kanamycin-resistant plasmids, each containing 
a different gRNA target sequence downstream of the 7SK, human U6, mouse U6, or human H1 
promoters. If you express fewer than four gRNAs, you’ll clone in a polyT-termination sequence for each 
unused promoter. This step is necessary to generate all of the overhangs needed for the final ligation 
step. Plasmids are then digested using BsmBI and ligated into Cas9 or dCas9-containing destination 
vectors. Destination vector options include humanized wt Cas9, dCas9 (transcriptional repressor), 
and dCas9-VP64 (transcriptional activator)-containing plasmids. Each destination vector contains GFP, 
enabling you to select cells with high GFP expression. These cells have the highest levels of Cas9 and 
gRNA expression, and thus the highest frequency of genome editing events.

Yamamoto Lab Multiplex CRISPR/Cas9 Assembly Kit: This kit is built for serious multiplexing and 
enables users to express up to 7 gRNAs. The kit contains different destination vectors depending on 
the total number of gRNAs you wish to clone, from 2-7. For example, if you’re expressing 4 gRNAs, 
you’d use pX330A-1x4; for 6 gRNAs, you’d use pX330A-1x6. This customization means you don’t ever 
need to clone in filler sequences. To build your multiplexing construct, you clone all but one of your 
gRNAs into spectinomycin-resistant plasmids pX330S-2 to pX330S-(last gRNA number). The 5’ most 
gRNA is cloned into the Cas9-containing destination vector. These constructs are digested using 
BsaI and assembled to produce a plasmid encoding the gRNAs and Cas9. As with the Gersbach lab 
plasmids, multiple Cas9 variants are available: wt humanized Cas9, D10A nickase mutant (Cas9n), 
dCas9 (transcriptional repression), and Fok1-dCas9 (dimeric nuclease).

Gateway assembly method
Frew Lab Multiple Lentiviral Expression Systems (MuLE) Kit: This kit can be used to create lentiviral 
vectors expressing wt humanized Cas9 and up to three gRNAs. Entry vectors containing the U6 
promoter and the gRNA scaffold are provided with the kit. Oligonucleotides specifying the gRNA seed 
sequence should be compatible with type IIS enzyme BfuAI. Gateway cloning is then used to combine 
the multiple gRNAs and Cas9 together into a single plasmid. Although only wt hCas9 entry vectors are 
supplied with the kit, you can clone your own entry vectors containing other Cas9 variants to use with 
the MuLE system.

Multiplex Expression of gRNAs (CONT’D)

http://www.addgene.org/browse/article/8975/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/interfere/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/activate/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/yamamoto/multiplex-crispr-kit/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/58768/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/58770/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/browse/article/8745/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/kits/yamamoto-multiplex-crispr/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/guide/#nickase?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/dcas9foki/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/kits/mule-system/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://blog.addgene.org/plasmids-101-gateway-cloning?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr


Addgene’s CRISPR eBook (3rd edition)

119

Multiplex Expression of gRNAs (CONT’D)
Chapter 7 - Guide RNAs

Multiplexing from a single transcript
You can also multiplex gRNAs via a polycistronic transcript. Rather than being transcribed from different 
promoters, the gRNAs are transcribed together and are flanked by specific sites that allow them to be 
cleaved and released. These constructs tend to be smaller than constructs with multiple promoter-
gRNA cassettes, making them advantageous for small capacity vectors like AAV. In addition to the 
mammalian option described below, plasmids for making polycistronic gRNAs are also available from 
the Yang lab for use in plants.

The mammalian multiplex systems use the Csy4 RNA nuclease from Pseudomonas aeruginosa. When 
overexpressed, Csy4 efficiently cleaves gRNAs sandwiched between 28 base Csy4 recognition 

Figure 3: Comparison of Multiplex Strategies including Standard PolIII-gRNA cassette, Csy4-
cleavable cassette, and PTG cassette.

sites. If Csy4 is not expressed, the gRNAs cannot be released, adding temporal and/or spatial control 
to the system. pSQT1313 from the Joung lab allows you to express two gRNAs constructed using 
oligonucleotide assembly.  Unlike some of the plasmids described above, this vector does not contain 
Cas9, so you’ll need to supply it with another plasmid.
Check out Addgene’s vectors for multiplex gRNAs!
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Genome-wide Screening Using CRISPR
By Joel McDade | Aug 18, 2015, Updated Aug 20, 2020 by Alyssa Cecchetelli

What genes are important in your phenotype of interest? Many scientists study diseases for which the 
underlying genetic cause is not entirely known. Identifying which genes are important for a phenotype 
can lead to a wealth of additional experiments investigating the role of individual genes or entire 
pathways in a particular disease process. While CRISPR is certainly not the first means to carry out 
so-called “forward genetic screening experiments”, it is certainly the most robust. In this article, we will 
discuss how CRISPR libraries are being used to perform genome-wide screens and highlight some of 
the reagents that have been made publicly available through Addgene.

What makes CRISPR so special?
A major advantage of CRISPR/Cas9 over previous genome editing techniques is its simplicity and 
versatility. CRISPR/Cas9 consists of two components: the non-specific endonuclease (Cas9) and a 
single stranded guide RNA (gRNA). The ~20 nucleotide targeting sequence within the gRNA is defined 
by the user, and it can be easily modified to target Cas9 to virtually any genomic locus, provided the 
target is unique compared to the rest of the genome and located immediately 5’ to a protospacer 
adjacent motif (PAM) sequence. Co-delivery of wild-type Cas9 and a gRNA generates a double-strand 
break in the target DNA, which, when repaired through error-prone non-homologous end joining 
(NHEJ), usually results in a loss-of-function mutation within the target gene. CRISPR can also be used to 
activate or repress target genes without permanently modifying the genome. If you’d like to brush up 
on the various CRISPR technologies, check out Addgene’s CRISPR Guide.

What CRISPR-based reagents are available for genome-wide 
screens?
The goal of a genome-wide screening experiment is to generate and screen a population of mutant 
cells to identify genes involved in a particular phenotype. CRISPR can be readily scaled up for genome-
wide screening due to the broad range of potential target sequences and ease of generating gRNA-
containing plasmids. CRISPR genome wide-screening experiments commonly use lentivirus to deliver 
a pooled population of gRNAs to Cas9 expressing cells. Pooled lentiviral CRISPR libraries (referred 
to simply as “CRISPR libraries”) consist of a heterogeneous population of gRNA-containing lentiviral 
transfer vectors, each targeting a specific gene within the genome. Individual gRNAs are designed in 
silico using publicly available gRNA design software and synthesized. Pooled gRNAs are then cloned 
into lentiviral transfer vectors to create the CRISPR library.

CRISPR libraries have been created to knock out, activate or repress target genes by combining 
a gRNA library with the aforementioned derivatives of Cas9. Several CRISPR libraries are publicly 
available through Addgene, with more being added all the time. Keep in mind that libraries are only 
as good as the experiments you use them for! A well-developed biological question and experimental 
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Genome-wide Screening Using CRISPR (CONT’D)

system are absolutely necessary to ensure that you select the correct CRISPR library.

Choosing the CRISPR library that is right for you
There are several factors to consider when selecting a CRISPR library for your experiments.
1.	 What species are your cells derived from? Currently, Addgene carries CRISPR libraries that target 

mouse, human, fly, E. coli, and T. gondii genes. 
2.	 What genetic modification are you trying to make? Addgene carries CRISPR libraries for gene 

knockout, activation, repression, and barcoding. 
3.	 Are you trying to target every gene in the genome, or a specific class of genes? Addgene currently 

carries several genome-wide CRISPR libraries and a selection of sub-libraries targeting specific 
classes of human genes.

What are the steps involved in a CRISPR screen?
Performing a forward genetic screen using CRISPR libraries is a multi-step process (see Fig. 1). In most 
cases, CRISPR libraries are provided at a concentration that is too low for experimental use. Thus, the 

first step is to amplify your library to a concentration 
that is sufficient to generate lentivirus. Be sure to use 
next-generation sequencing to check the quality of 
your amplification. If you’ve obtained a ready-to-use 
lentiviral preparation from Addgene, you can skip the 
steps above!

Cells are then transduced with lentivirus containing 
the CRISPR library to generate a heterogeneous 
population of mutant cells, with each cell or set 
of cells containing a mutation in a different gene. 
Libraries may be available in a 1-plasmid system, 
in which Cas9 is included on the gRNA-containing 
plasmid, or a 2-plasmid system in which Cas9 must 
be delivered separately. 

Mutant cells are enriched using either drug selection 
or fluorescence-based cell sorting and screened for 
a particular phenotype. For example, mutant cells 
can be used in drug screens to identify genes that 
confer drug-resistance. Mutant cells are treated with 

Figure 1: The CRISPR library must be amplified to be 
used to generate lentivirus. Cas9-expressing cells or 
wild-type cells are treated with lentivirus containing 
the gRNA library or gRNA library with Cas9 to 
generate mutant cells, respectively. Mutant cells are 
screened and hits are identified using NGS.
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Genome-wide Screening Using CRISPR (CONT’D)

a drug of interest and gRNA distribution is analyzed in the drug-resistant population compared to a 
non-treated control group. In this scenario, gRNAs that are “enriched” correspond to genes that confer 
drug resistance when mutated. Findings from this type of experiment can shed light on the mechanism 
by which cells gain resistance to drugs and can identify future therapeutic targets for diseases causing 
uncontrolled cell growth, such as cancer.

Considerations and tips for successful screens
Next-generation sequencing - CRISPR libraries contain thousands of gRNA plasmids, discerned only 
by a unique barcode on each plasmid. As such, sequencing CRISPR libraries after amplification and 
after a screen requires the use of next-generation sequencing.

Representation - Most libraries contain 3-6 gRNAs per target gene, and maintaining the distribution 
of each gRNA within the population is key. Loss of representation due to enrichment or depletion of 
specific gRNAs can lead to skewed results.

Selecting a cell type - Theoretically, any cell type can be used in a CRISPR screen. However, 
maintaining sufficient representation within your mutant population requires a massive amount of cells 
as starting material. Therefore, cell types that are of low abundance are not particularly well suited for 
genome-wide screening.

Avoid false positives and false negatives – As with any experiment, the use of appropriate controls, 
multiple replicates and several cell types can strengthen your results. Enrichment or depletion of 
multiple gRNAs targeting the same gene can be strong evidence that a particular gene is actually 
important for a given phenotype. Each hit from the screen should be independently validated to ensure 
that the desired modification produces the phenotype you screened for in the first place.

With the proper experimental design and validation practices, CRISPR libraries can help you learn 
a lot about your phenotype of interest. For more detailed information on CRISPR screens check 
out Addgene’s 2016 publication “Practical Considerations for Using Pooled Lentiviral CRISPR 
Libraries” (McDade et al., 2016). To learn a bit about how CRISPR/Cas9 can be used in other types of 
experiments, check out our CRISPR Plasmids and Resources Page.
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Controlling for Off-target Effects with a New 
Genome-wide CRISPR Screen Design
By Beth Kenkel | Sep 13, 2018

Genome-wide CRISPR/Cas9 screens are a high-throughput systematic approach for identifying genes 
involved in a biological process. These screens provide an alternative to genome-wide RNAi screens, 
which although highly effective, are affected by low on-target efficacy, non-specific toxicity, and off-
target effects. The flaws of RNAi screens are well characterized and strategies exist to control for these 
faults. However, it’s still unclear if similar pitfalls exist for CRISPR screens and how best to design these 
screens to controls for flaws. Recently the Bassik Lab at Stanford developed a new genome-wide 
CRISPR knockout screen to analyze the following unanswered questions about CRISPR screen design.

Unanswered questions about genome-wide CRISPR/Cas9 screen 
design
•	 Are non-targeting guides an appropriate control? Many CRISPR screens use non-targeting guides 

as negative controls. Non-targeting guides do not target any site in the genome. This means that 
while they control for many of the effects of gRNA and Cas9 expression, they fail to account for the 
effects of Cas9-induced dsDNA breaks.

•	 Are off-target cutting patterns in genome-wide screens similar to patterns seen in single-guide 
studies? Many strategies exist for reducing Cas9 off-target effects, but most studies have focused 
on the off-target cutting of only a handful of guides. It’s unclear if off-target cuts confound the 
results of high-throughput CRISPR screens.

•	 Do short guides (17-18 bp) have less off-target cutting than full-length guides (19-20bp)?  Small-
scale studies (Tsai et al., Fu et al.) suggest 17-19 bp long guides have reduced off-target cutting 
without a reduction of on-target activity, but it’s unclear if this holds true in genome-wide screens.

Bassik lab’s CRISPR knockout libraries
Overview of Library

To better define the optimal 
conditions for CRISPR 
knockout screens, the Bassik 
lab created a human knockout 
library that has 10 gRNAs per 
gene and targets all ~20,500 
protein-coding genes. Unique, 
non-overlapping sites in the 
genome were targeted and 
predicted on-target activity 
was balanced with predicted Figure 1: Overview of the Bassik lab’s CRISPR library.
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Controlling for Off-target Effects with a New 
Genome-wide CRISPR Screen Design (CONT’D)

off-target activity when selecting guides. Guides were delivered as a pooled library via a lentiviral 
vector to cell lines that either stably expressed Cas9 or that had been lentiviral infected with Cas9.

Validating the Library

The CRISPR knockout library was validated via a growth screen and a ricin toxicity screen since 
essential and non-essential genes for both pathways had previously been identified (Hart et al, 
Bassik et al). The library performed well in both screens, with the growth screen having a 1% false 
discovery rate and identifying >88% of previously identified essential genes while previous Cas9 and 
shRNA library screens only identified  60% of the essential genes. The ricin toxicity screen had a 10% 
false discovery rate and identified 67% of previously identified ricin toxicity genes. The screen also 
discovered several genes previously not associated with ricin regulation, including almost all genes 
involved in the production of a cell surface glycan that’s required for ricin uptake. The ricin screen did 
fail to identify some known ricin-regulators, but most of these genes are also essential for growth and 
would not be expected to be identified in a CRISPR knockout screen.

Improving the Design of CRISPR Knockout Screens

Before diving into the results, it’s important to note that in Morgens et al., guides were considered toxic 
if they were depleted from the screen. This toxicity was used a proxy for detecting Cas9 cutting.

Safe targeting guides better control for non-specific toxicity than non-targeting guides

First, Morgens et al. looked at the effect of safe-targeting guides vs. non-targeting guides on screen 
analysis and hit calling. 5,644 non-targeting guides and 6,750 safe-targeting guides were included in 
the library. Safe-targeting guides were designed to target genomic sites with no annotated function, i.e. 
sites that lack open chromatin marks, DNase hypersensitivity, or are in an enhancer, transcription factor 
binding site, or a coding region. Targeting these sites should control for the effects of guide expression 
and dsDNA breaks.

In the growth screen, safe-targeting guides were depleted at greater rates than their non-targeting 
counterparts, suggesting that safe-targeting guides are more toxic than non-targeting guides. Toxicity 
is likely due to DNA damage and its subsequent repair. Additionally, the distribution of enrichment 
and depletion scores for safe-targeting guides more closely mirrors that of gene-targeting guides, 
suggesting that safe-targeting guides better control for the inherent effects, or background noise, of 
dsDNA breaks caused by CRISPR.

Safe-targeting guides also alters the discovery of hits from the growth and ricin screen. When safe-
targeting guides are used to call hits from the growth screen, p-values were less significant than when 

Figure 2: Non-targeting vs. safe-targeting guides. The genome-
wide CRISPR screen presented in Morgens et al. contains three 
types of guides: 1) targeting guides (blue), which target all protein-
coding genes present in the genome; 2) non-targeting guides which 
target no sequence in the genome. Non-targeting guides (red) are 
commonly used as negative controls for genome-wide CRISPR 
screens; and 3) safe-targeting guides which target genomic sites 
with no annotated function.
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Genome-wide CRISPR Screen Design (CONT’D)

non-targeting guides are used as 
controls. Less significant p-values 
lead to more false-negatives results 
(i.e. failing to identify a gene that’s a 
hit); but they also lead to fewer false-
positives results (i.e. mistakenly calling 
a gene a hit when really it’s not). In 
practical terms, this means that using 
safe-targeting guides as a control will 
result in a smaller list of true positive 
hits than when using non-targeting 
guides, when both are analyzed using 
the same false-discovery rate cutoff. 

Adding safe-targeting guides to 
the CRISPR library resulted in both 
increased and decreased p-values 
of known ricin regulation genes 
compared to results generated using 
non-targeting guides as controls. 

While it’s not clear how safe-targeting guides will affect phenotype in all non-growth screens, these 
results suggest that safe-targeting guides may serve as better controls than non-targeting guides and 
may more accurately determine the significance of hits in non-growth screens.

Off-target cutting does not confound results of CRISPR screen

Next, the toxicity of guides with off-target sites was profiled. Guides with exact or 1-bp mismatch off-
targets had greater toxicity than guides that had zero mismatch off-targets. Guides with 2-bp mismatch 
off-targets were only toxic if they had 5+ off-target sites. Results from the screen also reproduced 
several previously observed characteristics that influence gRNA off-target activity: 1) mismatches closer 
to the PAM are less tolerated than mismatches more distal to the PAM, and 2) guides with high GC 
content have greater off-target activity.

Short gRNAs have lower off-target cutting and similar on-targeting cutting as full-length gRNAs 

Lastly, the effects of guide length on off-target cuts was explored using full-length (19-20 bp) or short 
(17-18 bp) guides. When comparing the toxicity of guides that have 1-bp mismatch off-target sites, short 
guides had reduced toxicity compared to full-length guides. Reduced toxicity of short guides could be 
due to lower off-target activity, but it could also be caused by a reduction of on-target activity. However, 

off-target activity when selecting guides. Guides were delivered as a pooled library via a lentiviral 
vector to cell lines that either stably expressed Cas9 or that had been lentiviral infected with Cas9.
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discovery rate and identifying >88% of previously identified essential genes while previous Cas9 and 
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false discovery rate and identified 67% of previously identified ricin toxicity genes. The screen also 
discovered several genes previously not associated with ricin regulation, including almost all genes 
involved in the production of a cell surface glycan that’s required for ricin uptake. The ricin screen did 
fail to identify some known ricin-regulators, but most of these genes are also essential for growth and 
would not be expected to be identified in a CRISPR knockout screen.

Improving the Design of CRISPR Knockout Screens

Before diving into the results, it’s important to note that in Morgens et al., guides were considered toxic 
if they were depleted from the screen. This toxicity was used a proxy for detecting Cas9 cutting.

Safe targeting guides better control for non-specific toxicity than non-targeting guides

First, Morgens et al. looked at the effect of safe-targeting guides vs. non-targeting guides on screen 
analysis and hit calling. 5,644 non-targeting guides and 6,750 safe-targeting guides were included in 
the library. Safe-targeting guides were designed to target genomic sites with no annotated function, i.e. 
sites that lack open chromatin marks, DNase hypersensitivity, or are in an enhancer, transcription factor 
binding site, or a coding region. Targeting these sites should control for the effects of guide expression 
and dsDNA breaks.

In the growth screen, safe-targeting guides were depleted at greater rates than their non-targeting 
counterparts, suggesting that safe-targeting guides are more toxic than non-targeting guides. Toxicity 
is likely due to DNA damage and its subsequent repair. Additionally, the distribution of enrichment 
and depletion scores for safe-targeting guides more closely mirrors that of gene-targeting guides, 
suggesting that safe-targeting guides better control for the inherent effects, or background noise, of 
dsDNA breaks caused by CRISPR.

Safe-targeting guides also alters the discovery of hits from the growth and ricin screen. When safe-
targeting guides are used to call hits from the growth screen, p-values were less significant than when 

Figure 2: Non-targeting vs. safe-targeting guides. The genome-
wide CRISPR screen presented in Morgens et al. contains three 
types of guides: 1) targeting guides (blue), which target all protein-
coding genes present in the genome; 2) non-targeting guides which 
target no sequence in the genome. Non-targeting guides (red) are 
commonly used as negative controls for genome-wide CRISPR 
screens; and 3) safe-targeting guides which target genomic sites 
with no annotated function.
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there was no significant difference in depletion of ricin sensitizer genes identified with short and long 
guides. Together these results suggests  that short guides have fewer off-target effects than long 
guides, and do not have a major reduction in on-target efficacy.

Results from Morgens et al. show that genome-wide CRISPR screens are prone to some of the same 
flaws as RNAi screens, such as non-specific toxicity due to both on- and off-target effects, but also 
presents a strategy to control for these effects. By testing thousands of guides for off-target activity, 
Morgens et al drew some generalizable conclusions about off-target activity, demonstrate safe-
targeting guides as a potential control, and provide evidence that truncated gRNAs have improved 
specificity with only a small loss of on-target activity in high-throughput screens. The human and mouse 
versions of the Bassik CRISPR Knockout Library are available from Addgene!
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Optimized Genome-wide CRISPRko, CRISPRi, and 
CRISPRa Libraries
By Alyssa Cecchetelli  | Oct 4, 2018

CRISPR pooled libraries have allowed scientists to easily perform genome-wide screens to effectively 
and efficiently investigate gene function. CRISPR libraries can be used to knock out, inhibit or activate 
target genes by combining specific sgRNAs with Cas9 or Cas9 derivatives.

Unmodified Cas9 causes double stranded DNA breaks that commonly result in a complete loss of 
function while nuclease-deactivated Cas9 (dCas9) can be tethered to a repressor (CRISPRi) or an 
activation domain (CRISPRa) to regulate gene expression. Some CRISPR libraries contain many sgRNAs 
per gene to increase confidence in the genetic screen. However, there are benefits to optimized 
libraries that utilize only a few sgRNAs per gene. These libraries provide more information while using 
less resources and are particularly useful when trying to screen a limited number of cells like primary 
cells or in vivo.

Recently, the labs of David Root and John Doench at the Broad Institute have developed human 
genome-wide CRISPRko (knock out), CRISPRi (interference), and CRISRPa (activation) libraries that do 
just that (Doench et al., 2016, Sanson et al., 2018). These libraries utilize optimized sgRNAs that were 
designed based on the rules identified in Doench et al., 2014 to predict sgRNA activity. In this study 
scientists examined approximately 1,900 sgRNAs and identified sequence features and adjustments 
that improved sgRNA activity and thus library performance. The Root and Doench lab’s optimized 
genome-wide CRISPRko, CRISPRi, and CRISPRa libraries have been shown to outperform other 
popular CRISPR libraries.

Figure 1: The different ways to use CRISPR libraries.
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Let’s take a look at the features and advantages of the optimized human CRISPR libraries.

Brunello: human CRISPRko sgRNA library
The Brunello library consists of 77,441 sgRNAs with an average of 4 sgRNAs per gene and 1,000 
non-coding control sgRNAs. This library was designed to improve on-target activity while reducing 
off-target effects in human genomes (Doench et al., 2016). To test the library, they conducted genome-
wide negative selection screens with both A375 (melanoma) and AT29 (colon cancer) cells and 
assessed the libraries performance via the depletion of a gold standard set of genes (1,580 essential 
and 927 non-essential genes). The Root and Doench lab developed sgRNA-level metrics to assess 
library performance in viability screens. Based on these metrics the Brunello library was more effective 
than other popular CRISPR libraries in the depletion of essential genes. In the subsampling analysis 
of the sgRNAs, Brunello even with only a single sgRNA outperformed another CRISPR library with 6 
sgRNAS, highlighting the benefit of sgRNA design in CRISPR libraries. Thus, the Brunello library proves 
that a few optimized sgRNAs is enough for efficient library performance, an important criterion for 
probing a limited number of cells.

Get the Brunello CRISPRko sgRNA library as pooled library or lentiviral prep!

Dolcetto: human CRISPRi sgRNA library
While CRISPRko libraries are highly effective at identifying strong hits in genetic screens, they do have 
several limitations. CRISPRko results in a complete loss of function meaning that if an essential gene 
plays a role in the desired screening phenotype, it may be missed because it’s essential for viability. 
In addition, high copy number genes may mimic viability genes as they are subject to an increase 
in dsDNA breaks that can cause cell death. Thus, CRISPR inhibition (CRISPRi) libraries provide an 
alternative way to screen for loss of function phenotypes while bypassing these issues.

CRISPRi libraries utilize an engineered Cas9, which contains multiple point mutations in the nuclease 
domain. These mutations result in an inactive RNA-guided DNA binding protein (dCas9). dCas9 is then 
tethered to a repressive domain, such as KRAB, to prevent efficient transcription from sgRNA targets. 
CRISPRi is effective in a narrow range around the transcription start site (TSS). The Root and Doench 
lab selected sgRNAs in this optimal window and ranked them based on their optimized sgRNA rules 
and potential off-target effects. The Dolcetto library contains two sets of sgRNAs; A, the top 3 ranked 
sgRNAs, and B, the next 3 ranked sgRNAs. Dolcetto was able to discriminate between non-essential 
and essential genes similarly to the Brunello knock-out library while mitigating toxicity induced by high 
copy number dsDNA cutting. A Dolcetto library containing only 3 sgRNAs (setA) also outperformed 
CRISPRi libraries with 10 sgRNAs in the sgRNA metrics, confirming again that sgRNA design plays a 
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significant role in library efficiency.

Try the Dolcetto library! Now also available as a lentiviral prep.

Calabrese: human CRISPRa sgRNA library
In addition to inhibiting gene expression, dCas9 can also be used for transcriptional activation. 
Activation of specific genes allows scientists to conduct genome-wide gain of function screens. These 
screens can help reveal the function of lowly expressed genes or genes that are more drastically 
affected by gene activation rather than depletion. Multiple strategies have been developed to recruit 
transcriptional machinery to dCas9 and its RNA directed binding site. These methods include the 
fusion of an activation domain such as VP16 to dCas9 or the recruitment of multiple copies of VP16 
termed the “Sun Tag” method (Tanenbaum et al., 2014). The sgRNA or tracrRNA sequences can also be 
modified to include RNA domains that recruit additional transcription factors.

The Root and Doench labs utilized tracrRNAs with two PP7 stem loops to recruit additional transcription 
factors to the targeted region (Sanson et al., 2018) . This tracrRNA was combined with the sgRNA 
expression vector allowing the screen to be conducted with only two constructs (the other containing 
dCas9-VP16). Like CRISPRi, CRISPRa is only effective when sgRNAs target a specific location on the 
gene. For CRISPRa, sgRNAs were targeted between 150-75 nucleotides upstream of the TSS. Similar 
to the Brunello and Dolcetto library, sgRNAs were selected and ranked based on the previously 
established sgRNA rules and  potential on- and off-target effects. The 6 best sgRNAs were selected 
per gene and divided into two sets, A and B. Sanson et al. demonstrated that the Calabrese library 
substantially identified more hits than the SAM library approach in a comparison study screening for 
vemurafenib resistance in A375 cells. The SAM system (CRISPR/Cas9 Synergistic Activation Mediator) 
uses an improved activator design that consists of inactive Cas9-VP64, a sgRNA with two MS2 RNA 
aptamers, and the  MS2-P65-HSF1 helper protein (Konermann et al., 2015).

Root and Doench also compared the Calabrese library to screens performed with open reading frame 
(ORF) overexpression libraries for resistance to MEK inhibition. Although both Calabrese and the ORF 
overexpression library identified several overlapping genes, most genes were unique to the individual 
libraries. These unique hits may have been false negatives in the other screen, implying that ORF and 
CRISPRa libraries can be used in complement to study gene function.

Find the Calabrese pooled library and lentiviral prep here!
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Applications for the Root and Doench CRISPR libraries
Overall the Root and Doench lab’s have proven their optimized, human genome wide CRISPRko, 
CRISPRi, and CRISPRa libraries are highly effective for probing gene function while using fewer 
sgRNAs. These new compact libraries will allow scientists to conduct genome-wide screens in 
standard cultured cells as well as more difficult conditions such as model systems and primary cells.
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While much of CRISPR research has focused on genome editing, numerous discoveries have 
been made using the Cas9 nuclease in the absence of genomic alterations. These studies utilize a 
catalytically inactive form of Cas9 known as dCas9 (Jinek et al., 2012). Like Cas9, dCas9 can bind to 
a specific DNA sequence via a targeting gRNA. But dCas9 does not cleave the DNA. Much of the 
research using dCas9 has focused on transcriptional activation using a fusion to a transcriptional 
activator such as VP64 (Gilbert et al., 2013), or repression of transcription through binding a promoter 
region to inhibit association of transcriptional activators (Qi et al., 2013). However, the fusion of dCas9 
with a protein tag allows for the isolation of a genomic region of interest targeted by a gRNA.

CRISPR-mediated purification of a specific genomic region
In 2013, Hodaka Fujii’s lab first described a method to purify a specific genomic region using the 
CRISPR system, consisting of dCas9 and targeting gRNA, to identify molecular interactions at this site 
(Fujita and Fujii, 2013). They call this method engineered DNA-binding molecule-mediated chromatin 
immunoprecipitation (enChIP) because any engineered DNA-binding molecule, such as zinc-finger or 
TAL proteins, can be used. The Fujii lab demonstrated this in mammalian cells by expressing dCas9 
with an N-terminal 3xFLAG tag (3xFLAG-dCas9) and a gRNA targeting their genomic locus of interest, 
the promoter region of the transcription factor IRF-1. Immunoprecipitation, using an antibody targeting 
the 3xFLAG tag, allowed these researchers to isolate dCas9 with the bound genomic locus, which they 
then confirmed by PCR. Subsequent mass spectroscopy studies allowed for the identification of 
proteins associated with the IRF-1 locus.

Prior to the development of this method, isolation of a specific genomic region was an intensive 
process. One method required insertion of a recognition sequence into the genomic DNA that could 
then be recognized by a DNA-binding molecule (Hoshino and Fujii, 2009). Other forms of enChIP, that 
do not use dCas9, require Zinc-finger or TAL proteins targeting a specific genomic locus, which can 
require multiple cloning steps (Fujita et al., 2013). CRISPR-mediated purification of a specific genomic 
region alleviates these issues as a region of interest can be targeted using a gRNA, which can easily 
be cloned into a gRNA expression plasmid.

Experimental use
Since the initial report describing CRISPR-mediated purification of a specific genomic region, numerous 
adaptations of this system have been made in different fields of study. In addition to the identification 
of DNA binding proteins, this method can characterize nucleic acid-nucleic acid interactions at a 
genomic locus (Fujita et al., 2017). CRISPR-mediated purification of a specific genomic region has also 
recently been adapted to isolate genomic loci in bacteria (Fujita et al., 2018). Furthermore, the Fujii Lab 
generated a transgenic mouse line and retroviral expression system for using this approach in in vivo 

Figure 1: Schematic of enChIP. 
Image from Fujita and Fuji, 2013.
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studies (Fujita et al., 2018).

In addition to the “in cell” form of this method, in which an engineered 
DNA-binding molecule such as the CRISPR complex is expressed in 
cells to be analyzed, the Fujii lab also developed another “in vitro” 
form. In this form, the CRISPR complex, consisting of a recombinant 
dCas9 protein and synthetic gRNA, is incubated with fragmented 
chromatin or library of purified DNA for purification of a specific 
chromatin or DNA fragment (Fujita et al., 2016). 3xFLAG-tag fused to 
dCas9, along with a biotinylated gRNA, were successfully used in this 
“in vitro” form.

Any tag system can be used to isolate genomic regions of interest 
with dCas9 and a targeting gRNA. One such example by the Xu lab is 
CRISPR affinity purification in situ of regulatory elements (CAPTURE) 
(Liu et al., 2017). This system utilizes dCas9 fused to a biotinylation 
tag expressed on a plasmid, allowing for in vivo biotinylation through 
a plasmid-based biotin ligase. Biotinylated dCas9, with bound DNA, 
can then be purified by streptavidin high-affinity purification. This 
system is both highly sensitive and specific and allowed the Xu lab 
to identify protein and nucleic acid binding partners at numerous 
genomic loci through proteomics and the chromosome conformation 
capture (3C) technique. In addition to 3xFLAG and biotin tags, use of 
tag systems including Protein A, 1xFLAG, 2xAM, and HA have been 
reported, as well as affinity purification with an anti-Cas9 antibody. 

These different tag systems and affinity purification schemes add 
additional flavors to this methodology.

Using this technique, researchers have begun to make important discoveries in various biological 
fields. In 2015, the Fujii Lab identified non-coding RNAs associated with telomeres by combining 
purification of a specific genomic region and RNA sequencing (Fujita et al., 2015). Using similar 
affinity purification with an anti-Cas9 antibody, the Li lab found a microRNA (miR483) that binds to 
the promoter of the growth factor IGF2 open reading frame to relax imprinting (Zhang et al., 2017). 
This upregulates expression of IGF2, a characteristic of many human malignancies. Additionally, the 
Tapscott Lab identified regulators of DUX4, a transcriptional regulator that when inappropriately 
expressed can cause facioscapulohumeral muscular dystrophy (FSHD), a disease for which there is 
currently no cure (Campbell et al., 2018).

Find plasmids from the Fujii lab!

While much of CRISPR research has focused on genome editing, numerous discoveries have 
been made using the Cas9 nuclease in the absence of genomic alterations. These studies utilize a 
catalytically inactive form of Cas9 known as dCas9 (Jinek et al., 2012). Like Cas9, dCas9 can bind to 
a specific DNA sequence via a targeting gRNA. But dCas9 does not cleave the DNA. Much of the 
research using dCas9 has focused on transcriptional activation using a fusion to a transcriptional 
activator such as VP64 (Gilbert et al., 2013), or repression of transcription through binding a promoter 
region to inhibit association of transcriptional activators (Qi et al., 2013). However, the fusion of dCas9 
with a protein tag allows for the isolation of a genomic region of interest targeted by a gRNA.

CRISPR-mediated purification of a specific genomic region
In 2013, Hodaka Fujii’s lab first described a method to purify a specific genomic region using the 
CRISPR system, consisting of dCas9 and targeting gRNA, to identify molecular interactions at this site 
(Fujita and Fujii, 2013). They call this method engineered DNA-binding molecule-mediated chromatin 
immunoprecipitation (enChIP) because any engineered DNA-binding molecule, such as zinc-finger or 
TAL proteins, can be used. The Fujii lab demonstrated this in mammalian cells by expressing dCas9 
with an N-terminal 3xFLAG tag (3xFLAG-dCas9) and a gRNA targeting their genomic locus of interest, 
the promoter region of the transcription factor IRF-1. Immunoprecipitation, using an antibody targeting 
the 3xFLAG tag, allowed these researchers to isolate dCas9 with the bound genomic locus, which they 
then confirmed by PCR. Subsequent mass spectroscopy studies allowed for the identification of 
proteins associated with the IRF-1 locus.

Prior to the development of this method, isolation of a specific genomic region was an intensive 
process. One method required insertion of a recognition sequence into the genomic DNA that could 
then be recognized by a DNA-binding molecule (Hoshino and Fujii, 2009). Other forms of enChIP, that 
do not use dCas9, require Zinc-finger or TAL proteins targeting a specific genomic locus, which can 
require multiple cloning steps (Fujita et al., 2013). CRISPR-mediated purification of a specific genomic 
region alleviates these issues as a region of interest can be targeted using a gRNA, which can easily 
be cloned into a gRNA expression plasmid.

Experimental use
Since the initial report describing CRISPR-mediated purification of a specific genomic region, numerous 
adaptations of this system have been made in different fields of study. In addition to the identification 
of DNA binding proteins, this method can characterize nucleic acid-nucleic acid interactions at a 
genomic locus (Fujita et al., 2017). CRISPR-mediated purification of a specific genomic region has also 
recently been adapted to isolate genomic loci in bacteria (Fujita et al., 2018). Furthermore, the Fujii Lab 
generated a transgenic mouse line and retroviral expression system for using this approach in in vivo 

Figure 1: Schematic of enChIP. 
Image from Fujita and Fuji, 2013.
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Conclusions
CRISPR-mediated purification of a specific genomic region is another example of the many tools based 
on targeting of a genomic locus through a specific gRNA-dCas9 complex. When combined with next-
generation sequencing, this method allows for the recovery of a vast amount of data from a single 
experimental setup. As we’ve seen for many other CRISPR techniques, this method also has great 
potential for improvements and adaptations that can provide an increased understanding of DNA 
binding and gene regulation.

For additional information on CRISPR-mediated purification of a specific genomic region, other forms 
of enChIP, and additional research conducted in the Hodaka Fujii Laboratory, please also see our 
interview with Dr. Fujii.
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Scientists around the world have been making major improvements to CRISPR technology since its 
initial applications for genome engineering in 2012.  Many of these advances have stemmed from the 
goal of reducing off-target Cas9 activity. The use of nickases, prime editing, anti-CRISPR proteins, and 
other techniques all aim to improve targeting specificity or reduce the duration of Cas9 activity. 

The field of optogenetics is renowned for enabling precise temporal and spatial control. Optogenetics 
uses genetically encoded tools, such as microbial opsins, to control cellular activities using light. In 
2015, scientists combined CRISPR and optogenetic techniques to develop a variety of photoactivatable 
CRISPR tools. These tools allow scientists to use light to externally control the location, timing, and 
reversibility of the genome editing process. Read on to learn about the various light-controlled CRISPR 
tools available to researchers - some readily found at Addgene.

Shining light on transcriptional activation using dCas9
Initial photoactivatable CRISPR systems published in early 2015 focused on using light to control 
transcription. Two separate labs, Moritoshi Sato’s lab at the University of Tokyo and Charles Gersbach’s 
lab at Duke University developed similar systems based on the light-inducible heterodimerizing 
cryptochrome 2 (CRY2) and calcium and integrin-binding protein 1 (CIB1) proteins. The goal of both 
groups was to create a system that would use light to turn on and off gene expression while imparting 
spatiotemporal control, reversibility, and repeatability.

The system developed by the Sata lab is composed of two fusion proteins: 1) the genomic anchor 
- an inactive, dead Cas9 protein (dCas9) fused to CIB1; and 2) the activator - the CRY2 photolyase 
homology region (CRY2PHR) fused to a transcriptional activator domain (VP64 or p65). Upon 
expression in the cell, the dCas9-CIB1 fusion binds to the target DNA sequence as directed by the 
guide RNA (gRNA), while the CRY2PHR-activator fusion floats freely, depicted in the figure below. Once 
triggered by blue light, the CRY2 and CIB1 proteins heterodimerize and move the activator into position 
to activate gene transcription. The researchers tested a variety of combinations to optimize both fusion 
proteins. The best performing combination was NLS-dCas9-trCIB1 and NLSx3-CRYPHR-p65 - it had the 
lowest background activity in the dark state and highest fold induction at 31X. By using a slit pattern 
during blue light exposure (470nm), the researchers showed that expression of the human ASCL1 gene 
could be spatially controlled in a reversible and repeatable manner.

With their light-activated CRISPR/Cas9 effector (LACE) system, the Gersbach lab utilized a similar 
strategy to develop an optimized photoactivatable CRISPR gene activation system, but settled on a 
different optimal fusion protein combination. The optimized LACE system consisted of: 1) CIBN-dCas9-
CIBN, where CIBN is the N-terminal fragment of CIB1 and it was fused to both the N- and C-termini 
of dCas9; and 2) CRY2FL-VP64, a fusion of full-length CRY2 and the transcriptional activator domain 
VP64. Using this system in HEK293T cells to induce expression of human IL1RN, the researchers saw 
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an 11-fold increase in mRNA levels after 2 hr and a 400-fold increase after 30 hr. The system was also 
shown to be reversible and repeatable when blue light (450nm) was cycled on-off-on. Using a slit 
photomask, the researchers also demonstrated the ability to spatially control gene expression.

Both of these techniques take advantage of light-induced dimerization to activate their CRISPR system. 
This common optogenetic technique can be employed in other split systems where light is required to 
reconstitute enzymatic activity.

Photoactivatable genome modifications by NHEJ and HDR using 
split systems
Later in 2015, the Sato lab unveiled a photoactivatable system to cleave a target DNA sequence 
(Nihongaki, et al., 2015) resulting in a double strand break (DSB) that can be repaired by either non-
homologous end joining (NHEJ) or homology directed repair (HDR). This system is unique in that it 
utilizes a “split” nuclease - the authors fragmented Cas9 into N-terminal (residues 2-713, N713) and 
C-terminal (residues 714-1368, C714) halves, rendering the Cas9 non-functional when split but regaining 
functionality when the halves are reassociated. By fusing a photoinducible, heterodimerizing domain to 
each of the Cas9 fragments, the authors created a photoactive Cas9 tool, as shown in the figure. Their 

most successful design utilized 
magnet photoswitchable proteins 
derived from the fungal 
photoreceptor, Vivid (VVD, N. crassa) 
(Kawano et al., 2015). Nicknamed 
paCas9-1 and consisting of the fusion 
proteins N713-pMag and 
nMagHigh1-C714, this new system 
had both low background and high 
fold-induction of Cas9 activity (16.4-
fold). This paCas9-1 light-inducible 
system was able to recognize the 
same PAM and had similar targeting 
specificity as full-length Cas9 (flCas9). 
When triggered by blue light 
(470nm), paCas9-1 induced indel 
mutations via NHEJ (frequency of 
20.5%) and induced modifications by 
HDR (frequency of 7.2%).

Figure 1: These split optogenetic system is activated by blue light to 
cause transcriptional activation or editing at target locus.

http://www.ncbi.nlm.nih.gov/pubmed/26076431
http://www.ncbi.nlm.nih.gov/pubmed/25708714
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The authors additionally showed that they could lower the background activity of the system by 
modifying paCas9-1 using nMagC714 instead of nMagHigh1-C714, generating paCas9-2. This change 
did not significantly alter the system’s efficiency at generating mutations when activated with light and 
lowered background DSBs (non detectable). Like their prior work, the Sato lab also showed that the 
paCas9-2 system could be spatially controlled and reversibly activated by turning blue light on and off.

As one might expect from the modular nature of Cas9, Nihongaki et al. showed that it was possible 
to swap out the Cas9 domains in their split fusions and generate a photoactivatable nickase and a 
photoactivatable repressor (dCas9). The activity of all variants was reversible and repeatable.

Since these initial studies published in 2015, more split systems have been developed for use 
with CRISPR-based gene editing. For example, the far-red light-activated split-Cas9 (FAST) system 
constitutively expresses the C-terminal fragment of Cas9 while transcription of the N-terminus is light-
dependent (Yu et al., 2020). To express the N-Cas9, Haifeng Ye’s lab used the bacterial phytochrome 
BphS which produces c-di-GMP in response to far-red light (730 nm). This nucleotide triggers the 
translocation of the protein BldD to the nucleus. To couple this light-dependent activity to transcription, 
they fused BldD to the transcriptional activators p65 and VP64 which in turn transcribes N-Cas9. The 
N- and C-Cas9 fragments then dimerize to form a functional protein due to being fused with high-
affinity interacting proteins Coh2 and DocS, respectively.

The use of far-red light is of particular interest since blue light has limited applications in vivo. UV 
and blue light is readily absorbed and scattered by the skin, so it is not able to reach deeper tissues. 
Additionally, high intensity exposure can cause DNA damage. Far-red light, however, can penetrate 
5 mm past the surface of skin and is less phototoxic. Using the FAST system, Ye’s lab could edit 
a tdTomato fluorescent reporter gene in mice using Minicircle DNA vectors encoding the FAST 
constructs. This proof-of-concept model opens intriguing possibilities for optogenetic manipulation of 
CRISPR-based systems in animal models.

Single-chain Cas9 photoswitches
Photoactivation of Cas9 can also be achieved using single-chain fusion proteins by fusing Cas9 to 
photoreceptors. One prime example was from the lab of Michael Lin, who developed a chimeric 
protein consisting of Cas9 and a photo-dissociable dimeric green fluorescent protein (pdDronpa) (Zhou 
et al., 2018). pdDronpa dimers dissociate in response to cyan light (500nm). By fusing the two 
pdDronpa domains to the sites flanking the DNA-binding cleft of Cas9, the fluorescent domains 
dimerize and prevent DNA binding in the dark. Upon light stimulation, the pdDronpa moieties move 
apart, allowing DNA binding and cleavage. This technique was applied to create photoswitchable 
spCas9, dCas9, and S. aureus Cas9 (saCas9) proteins, showing the versatility of this approach. This 
study generated the first optically active saCas9 protein.

Figure 2: A fusion protein of Cas9 with photo-dissociable dimeric GFP 
responds to cyan light. Without light, the dimer blocks Cas9. With light, 
Cas9 can bind DNA.

http://www.addgene.org/CRISPR/guide/#nickase?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
http://www.addgene.org/CRISPR/guide/#activation-repress?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://advances.sciencemag.org/content/6/28/eabb1777
https://www.addgene.org/Michael_Lin/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://pubs.acs.org/doi/10.1021/acschembio.7b00603
https://pubs.acs.org/doi/10.1021/acschembio.7b00603
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Figure 2: A fusion protein of Cas9 with photo-dissociable dimeric GFP 
responds to cyan light. Without light, the dimer blocks Cas9. With light, 
Cas9 can bind DNA.

Stop light! Photoactive anti-CRISPRs halt Cas9 activity
Anti-CRISPR proteins are a highly diverse group of proteins that are able to block CRISPR-Cas systems. 
They have been used to block genome editing, reduce off-target activity, and prevent cytotoxic effects. 
For a more detailed review, read the article, Anti-CRISPR Proteins Switch Off CRISPR-Cas Systems.

Simply expressing anti-CRISPR proteins does not provide much control over when Cas9 activity is 
blocked. Hence, co-opting optogenetic techniques allows greater precision and control over Cas9 
activity. Dominik Niopek’s lab achieved this by fusing the anti-CRISPR Acr protein, AcrIIA4, to a photo-
sensitive LOV2 domain from A. sativa (Bubeck et al., 2018). LOV2 has a C-terminal helix that unfolds 
when stimulated by blue light. When fused to the catalytic site of AcrIIA4, this unfolding conformational 
shift can interfere with activity. The 
resulting system was coined as CRISPR–
Cas9 activity switching via a novel 
optogenetic variant of AcrIIA4 
(CASANOVA). As shown in the figure 
below, in the absence of light, Cas9 is 
bound by AcrIIA4 and rendered inactive. In 
the presence of blue light, AcrIIA4 is 
inhibited by the unfolding of LOV, allowing 
the release of Cas9.

A noteworthy application of the 
CASANOVA system was its use in light-

Figure 3: Anti-CRISPR activity controlled with blue light. With blue 
light, the anti-CRISPR activity is alleviated.

The authors additionally showed that they could lower the background activity of the system by 
modifying paCas9-1 using nMagC714 instead of nMagHigh1-C714, generating paCas9-2. This change 
did not significantly alter the system’s efficiency at generating mutations when activated with light and 
lowered background DSBs (non detectable). Like their prior work, the Sato lab also showed that the 
paCas9-2 system could be spatially controlled and reversibly activated by turning blue light on and off.

As one might expect from the modular nature of Cas9, Nihongaki et al. showed that it was possible 
to swap out the Cas9 domains in their split fusions and generate a photoactivatable nickase and a 
photoactivatable repressor (dCas9). The activity of all variants was reversible and repeatable.

Since these initial studies published in 2015, more split systems have been developed for use 
with CRISPR-based gene editing. For example, the far-red light-activated split-Cas9 (FAST) system 
constitutively expresses the C-terminal fragment of Cas9 while transcription of the N-terminus is light-
dependent (Yu et al., 2020). To express the N-Cas9, Haifeng Ye’s lab used the bacterial phytochrome 
BphS which produces c-di-GMP in response to far-red light (730 nm). This nucleotide triggers the 
translocation of the protein BldD to the nucleus. To couple this light-dependent activity to transcription, 
they fused BldD to the transcriptional activators p65 and VP64 which in turn transcribes N-Cas9. The 
N- and C-Cas9 fragments then dimerize to form a functional protein due to being fused with high-
affinity interacting proteins Coh2 and DocS, respectively.

The use of far-red light is of particular interest since blue light has limited applications in vivo. UV 
and blue light is readily absorbed and scattered by the skin, so it is not able to reach deeper tissues. 
Additionally, high intensity exposure can cause DNA damage. Far-red light, however, can penetrate 
5 mm past the surface of skin and is less phototoxic. Using the FAST system, Ye’s lab could edit 
a tdTomato fluorescent reporter gene in mice using Minicircle DNA vectors encoding the FAST 
constructs. This proof-of-concept model opens intriguing possibilities for optogenetic manipulation of 
CRISPR-based systems in animal models.

Single-chain Cas9 photoswitches
Photoactivation of Cas9 can also be achieved using single-chain fusion proteins by fusing Cas9 to 
photoreceptors. One prime example was from the lab of Michael Lin, who developed a chimeric 
protein consisting of Cas9 and a photo-dissociable dimeric green fluorescent protein (pdDronpa) (Zhou 
et al., 2018). pdDronpa dimers dissociate in response to cyan light (500nm). By fusing the two 
pdDronpa domains to the sites flanking the DNA-binding cleft of Cas9, the fluorescent domains 
dimerize and prevent DNA binding in the dark. Upon light stimulation, the pdDronpa moieties move 
apart, allowing DNA binding and cleavage. This technique was applied to create photoswitchable 
spCas9, dCas9, and S. aureus Cas9 (saCas9) proteins, showing the versatility of this approach. This 
study generated the first optically active saCas9 protein.
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mediated CRISPR labeling to study chromatin architecture (Hoffman et al., 2020). Fluorescent dCas9 
proteins can be used to identify specific genomic loci for imaging techniques. Since expression of 
dCas9 can potentially alter the genome and chromatin architecture, it is useful to regulate the time in 
which dCas9 binding occurs. Bubeck et al. expressed a telomere-targeting gRNA and a dCas9 fusion 
protein with three red fluorescent tags in U2OS cells. Upon light activation, dCas9 is released within 
minutes and red foci formed 20-40 min later. The CASANOVA system is versatile in that it can be 
adapted to regulate gene editing, turn on transcription, label chromatin, and study kinetics.

Using chemistry to photocage CRISPRs
The aforementioned techniques each employed a photoactive strategy which had been engineered 
from naturally occurring photoactive proteins (i.e. CRY2 and Vivid) - Alexander Deiters’ lab, on the 
other hand, took a different approach. These researchers used a genetically encoded photocaging 
technique to insert a light-removable protecting group, specifically a nitrobenzyl photocaged lysine 
(PCK), on the Cas9 protein (Hemphill et al., 2015). In order to insert the PCK into a specific site on the 
Cas9, the group used an engineered pyrrolysyl tRNA/tRNA synthetase pair which would add the PCK 
upon reaching the amber stop codon, TAG. (To learn more about site-specific incorporation of amino 
acids using pyrrolysl tRNA synthetase, read this article).

The group first tested photocaging various lysines in Cas9 to determine which best deactivated the 
protein’s ability to cleave targeted DNA, settling on photocaging the K866 lysine, as seen in the figure. 
Next, by using a dual reporter fluorescence assay, Hemphill et al. demonstrated that the Cas9 
K866PCK mutant was indeed inactive prior to irradiation with UV light (365nm) and that post-UV 
exposure it showed cleavage activity 
similar to the wild-type Cas9. This 
photocaging technique was also 
shown to impart spatial control of 
Cas9 cleavage when using a 
photomasking technique. Last, 
Hemphill et al. presented data 
showing that this genetically 
encoded, photocaged Cas9 system 
could silence endogenous gene 
expression - demonstrating light-
induced silencing of transferrin 
receptor CD71 in HeLa cells. 

Figure 4: The chemical addition of nitrobenzyl photocaged lysine on 
the Cas9 protein is removed by light to allow editing.

For more details, check out this comprehensive review comparing optogenetic CRISPR techniques 
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(Matony et al., 2020). Whether you are looking to activate, repress, or modify a gene, you now have 
the tools at your disposal to control your genome editing using light. We look forward to more tools 
as CRISPR and optogenetics continue to evolve and can’t wait to see what cool applications you use 
these for in the future!
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Finding nucleic acids with SHERLOCK and 
DETECTR
By Alyssa Cecchetelli | Aug 30, 2018, Updated Apr 16, 2020 by Jennifer Tsang

Sensitive and specific nucleic acid detection is crucial for clinical diagnostics, genotyping, and 
biotechnological advancements. Many methods of nucleic acid detection however, either lack the 
sensitivity or the specificity to detect nucleic acids at low concentrations and/or are too expensive, 
time-consuming, and complex to use outside of standard laboratories. In the case of the COVID-19 
pandemic, qPCR can be used to diagnose the presence of SARS-CoV-2 RNA, but inadequate access to 
reagents and equipment has become a bottleneck.

In the last few years, scientists have utilized CRISPR-Cas9 protein variants such as Cas13, and Cas12a 
to develop simple, portable, and inexpensive platforms to reliably detect nucleic acids at the atomolar 
level.

The Zhang lab has adapted natural RNase activity of the Cas13 protein to develop and optimize 
the method termed Specific High Sensitivity Enzymatic Reporter UnLOCKING (SHERLOCK and 
SHERLOCKv2) (Gootenberg et al., 2017 and 2018). Meanwhile, the Doudna lab has used Cas12a’s non-
specific ssDNA degradation to develop the method termed DNA Endonuclease Targeted CRISPR Trans 
Reporter (DETECTR) (Chen et al., 2018).

Both SHERLOCK and DETECTR harness the promiscuous cleavage and degradation of neighboring 
ssRNA and ssDNA by Cas13 and Cas12a, respectively, to cleave and activate a reporter. The detectable 
signal from this reporter can be measured and quantified to determine the presence and quantity of 
DNA, RNA or a mutation of interest (Figure 1). Together SHERLOCK and DETECTR demonstrate the 
power of CRISPR-based diagnostics.

Figure 1: A compaison between SHERLOCK and DETECTR.
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SHERLOCK- Specific High Sensitivity Enzymatic Reporter 
UnLOCKING
Cas13 (C2c2) was first identified in 2016 by the Zhang lab as an RNA guided RNase (Abudayyeh et al., 
2016). Cas13 can be guided by a single CRISPR RNA (crRNA) to cleave ssRNA or mRNA. It also exhibits 
a “collateral effect” of non-specific ssRNA cleavage.

How does SHERLOCK work?

Cas13 can be programmed with crRNA to target an ssRNA of interest, for example, a sequence 
specific to a virus or pathogen. Once Cas13 recognizes and binds to the programmed sequence, it can 
promiscuously cleave surrounding ssRNA molecules. In SHERLOCK a quenched fluorescent ssRNA 
reporter is added to the reaction. Cleavage of the quenchable fluorescent RNA by the “activated” 
Cas13 produces a quantifiable signal that indicates the presence of your targeted nucleic acid. To 
increase the sensitivity of the assay, targeted DNA or RNA from a sample is first amplified using 
RPA (recombinase polymerase amplification) or reverse transcriptase (RT)-RPA, respectively. RPA is 
coupled with T7 transcription to convert amplified DNA to RNA for subsequent detection by Cas13. This 
amplification step in combination with the ssRNA reporter enables SHERLOCK to detect DNA or RNA 
with atomolar sensitivity and single base pair mismatch specificity. 

SHERLOCKv2

SHERLOCK had a few limitations when it was first introduced in 2017 so the lab made further 
modifications to improve their detection system. They named this system SHERLOCKv2 for SHERLOCK 
version 2. Here are some of the improvements:

•	 SHERLOCKv2 uses far less primer in the pre-amplification step allowing for greater quantitation 
without compromising sensitivity.

•	 To detect multiple targets in one reaction, Cas enzymes, such as variations of Cas13 and Cas12a, 
are combined with different fluorescent reporters for each enzyme.

•	 In addition, Csm6, a CRISPR type-III effector nuclease, can be used in conjunction with Cas13 to 
amplify the signal of a single target. Csm6 can cleave ssRNA complementary to a crRNA of interest 
(Niewoehner and Jinek, 2016) and is conveniently activated by Cas13 ssRNA cleavage byproducts. 
Thus, binding of Cas13 to the programmed region of interest would lead to both the cleavage of a 
Cas13 specific reporter and the activation of Csm6. The Zhang lab showed that, by adding Csm6 
and a Csm6 specific reporter (in the same fluorescent channel as the Cas13 reporter), they could 
significantly amplify the detection signal for a single target.

•	 SHERLOCKv2 was adapted so that a cleaved reporter could be detected on commercial lateral 
flow strips, similar to pregnancy tests. With lateral flow strips, the presence of your DNA or RNA of 
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interest within a given sample is simply determined by the number of bands present on the strip. 
This type of readout allows for nucleic acid detection almost anywhere as lateral flow strips are 
easy to transport and work rapidly, providing reliable results in as little as an hour.

Find the SHERLOCK plasmids at Addgene!

Applications of the SHERLOCK detection system

The Zhang lab demonstrated that SHERLOCK could reliably distinguish between Zika and a 
closely-related virus, Dengue from multiple sample sources. SHERLOCK could also detect low-
frequency cancer mutations from cell-free DNA fragments as well as health-related single nucleotide 
polymorphisms (SNPs) from human saliva.

SHERLOCKv2 provides a method to detect nucleic acids with high sensitivity and specificity without 
compromising speed, ease of use, and portability. This method can be used for an array of applications 
including clinical diagnostics (e.g. pathogen or virus detection), therapeutics and sensitive genotyping. 
The beauty of SHERLOCK systems is that it can be used easily and effectively in the lab and in the field 
(Myhrvold et al., 2018).

Now, the Zhang lab has shared a protocol for using SHERLOCK to detect SARS-CoV-2 RNA. The test 
is started using RNA purified from patient samples and can be read using a dipstick in under one hour. 
While the lab points out that the protocol is not approved for clinical use at this point, they hope that 
the protocol serves as a platform for advancing diagnostics.

DETECTR- DNA Endonuclease Targeted CRISPR Trans Reporter
Cas12a (Cpf1) is a CRISPR Cas variant that can also cleave dsDNA similarly to Cas9 (Zetsche et al., 
2015). Cas12a however recognizes a different PAM site and generates 5’ and 3’ staggered ends after 
dsDNA breaks. The Doudna lab discovered Cas12a’s ability to cleave non-specific (trans) ssDNA and 
harnessed this ability to create a DNA detection platform called DETECTR.

How does DETECTR work?

DETECTR works similarly to SHERLOCK. Cas12a is targeted to a specific DNA sequence, such as the 
Human papilloma virus (HPV) genome, via a crRNA. An ssDNA-fluorescently quenched (FQ) reporter, 
which will produce a signal when the ssDNA is degraded, is added to the reaction. To enhance 
sensitivity, the DNA is first amplified through isothermal amplification by RPA. When Cas12a-cRNA base 
pairs with the dsDNA of interest, the DNase activity of Cas12a is initiated. Surrounding trans-ssDNA, 
including the ssDNA-FQ reporter are subsequently degraded at a rate of ~1,250 cuts per second. A 
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quantifiable fluorescent signal designates the presence of your DNA of interest, in this case HPV.

As proof of concept, the lab demonstrated that DETECTR could accurately distinguish between 
two similar types of HPV, HPV16 and HPV18, from human cells, at atomolar levels, within one hour. 
DETECTR thus has the ability to rapidly detect nucleic acids with high selectivity and sensitivity from 
patient samples.

Find the DETECTR plasmids here!

Applications of DETECTR in diagnostics

DETECTR allows for simple and efficient detection of nucleic acids in a mixed population for an array of 
molecular and clinical diagnostic applications. The company Mammoth Biosciences has been started 
based on DETECTR technology with the mission to “provide a CRISPR-based platform on which an 
infinite number of tests” for biosensing can be built upon.

Mammoth Biosciences and UCSF recently adapted the DETECTR platform to detect SARS-CoV-2 using 
a lateral flow strip format. They published this in Nature Biotechnology. Like the SHERLOCK detection 
system, DETECTR has not been approved for diagnostics yet, but is undergoing validation studies.
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Plasmids for Endogenous Gene Tagging in 
Human Cells
By the Allen Institute of Cell Science | Apr 6, 2017, Updated Oct 14, 2020 by Seth Kasowitz

A classic challenge in cell biology is making sure that what we observe through the microscope 
represents reality as accurately as possible. This is especially true in the case of protein tagging to 
elucidate cellular structures. Overexpression methods flood the cell with protein, which can both 
interfere with a cell’s normal function and result in a ubiquitous background signal that makes it hard to 
visualize the precise location of the protein or structure of interest.

Endogenous gene tagging is an ideal solution because it allows for tagging and visualization of 
specific, individual proteins under endogenous regulatory control. But even with the advent of 
CRISPR/Cas9 technology, inserting large tags into a precise location in the genome is still inefficient, 
particularly in human cell lines. Furthermore, the quality control necessary to ensure the edited cells 
are behaving normally can be prohibitively expensive for many labs.

We’ve created and tested plasmids that use CRISPR/Cas9 to endogenously tag a wide variety of genes 
with GFP (Roberts et al., 2017). These plasmids are available through Addgene, and the stem cell lines 
we’ve made using them are available as part of the Allen Cell Collection at Coriell. More information 
and images generated from these cell lines can be found in the Cell Catalog on our data portal. The 
plasmids should be functional in many different human cell types, and while most of the genes we’ve 
tagged are widely recognized markers of cellular structures, we provide guidance on how to make 
your own gene-tagging constructs below. Read on to find out how these plasmids work and to discover 
more resources for your genomic tagging experiments.

Fluorescent tagging strategy
The first step in creating the plasmids was to identify the gene of interest and decide which terminus, 
N or C, to tag and which short amino acid linker to use. These decisions were made based on known 
functional aspects of the protein gleaned from the literature and engagement with researchers who 
study the protein or structure of interest. For a C-terminal tag, we inserted a linker and GFP tag at the 
end of the last exon of the gene to ensure it would be transcribed and translated. For an N-terminally 
tagged protein, we used the same strategy, inserting the tag and the linker preceding the first exon of 
the gene. In this manner, we have created an initial set of 10 plasmids representing 10 human genes 
and will add more to the collection.

Designing the donor plasmid
A key feature of our methodology is the use of a donor plasmid that contains long stretches of DNA 
on either side of the fluorescent protein sequence that is homologous to the sequence into which it is 
being inserted: one thousand base pairs on each side, in fact. Later, when we transfect the cells, these 
large regions of homology enable us to effectively utilize the host cell’s inherent homology directed 

http://biorxiv.org/content/early/2017/03/31/123042
http://biorxiv.org/content/early/2017/03/31/123042
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repair (HDR) process following the double strand break CRISPR/Cas9 makes at the target site. The 
whole segment—a GFP tag and 1kb of homologous DNA flanking both sides (about 2.7kb total)—is 
inserted into a plasmid backbone for delivery to the cells. As a precautionary measure, it’s also good 
to make a few single base pair mutations in crRNA target sites found within the homology areas of the 
plasmid to prevent the plasmid from being cut and destroyed by CRISPR/Cas9 during transfection.

Making the double strand break and introducing the tag through 
homology directed repair
To introduce the fluorescent tag to the cells, we used CRISPR/Cas9 to make a precise cut in the 
genome near either the beginning or end of the gene of interest —in our case in the genome of an 
hiPS cell. While the majority of the time the genome will attempt to repair itself without outside 
influence (non-homologous end joining, or NHEJ), in approximately one percent of cases, the stem cell 
will seek out a template for the repair process. By flooding the cell with a plasmid containing regions of 

Figure 1: Steps to induce the double strand break and introduce the tag.
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high homology to the gene with the cut, we trick the cell into using the introduced donor plasmid as a 
repair template. This results in the insertion of the GFP tag precisely where we need it, in this example, 
at the C-terminus of the gene of interest. To get the molecular components of CRISPR/Cas9 (Cas9 
protein and the crRNA-tracrRNA complex) and the donor plasmid into the cells we use electroporation, 
a technique that briefly destabilizes the cell’s outer membrane and allows the components to 
physically enter the cells so they can go to work.

Plasmids, plasmids everywhere
To find out more about gene edited hiPS cell lines generated using the Allen Institute for Cell Science 
Plasmid Collection, please visit the Cell Catalog on the Allen Cell Explorer, where you can also find the 
certificate of analysis provided with each cell line. The editing strategy and design described above 
can be used to create similar donor plasmids for introducing tags into your gene of interest.

Researchers have developed a variety of endogenous gene tagging systems. Addgene’s CRISPR-
based Protein Tagging collection includes systems for tagging mammalian cell lines, Drosophila cells, 
and C. elegans. In addition to generating fluorescent protein fusions, plasmids are available for tagging 
with epitope tags (e.g. FLAG and STREP) and auxin-inducible degrons (AID). Further, the Yamamoto 
PITCh system plasmids provides an alternative to HDR as the double-strand break repair pathway, 
relying instead on microhomology-mediated end-joining (MMEJ).

To find out more about gene edited hiPS cell lines generated using these plasmids, please visit the 
Cell Catalog on the Allen Cell Explorer, where you can also find the certificate of analysis provided with 
each cell line. The editing strategy and design described above can be used to create similar donor 
plasmids for introducing tags into your gene of interest.

Endogenous gene tagging with fluorescent proteins as described here enables live cell imaging to 
study cellular structures and processes and can lead to the better understanding of cell biology. We 
hope that these high-quality, highly specific plasmids, as well as the instructions on how to make your 
own, will make it easier for you to use genomic tagging in your experiments.
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Visualizing Genomic Loci with CRISPR-Sirius
By Jennifer Tsang | Apr 18, 2019

The catalytically dead Cas9 protein (dCas9) is well known for its ability to bind DNA targets without 
changing them. Thus, it has been widely adapted for CRISPR activation and inhibition experiments. 
But over the past few years, dCas9 has become a robust visualization tool to study the spatial and 
temporal arrangement of chromosomes and how these arrangements may affect nuclear processes. 
The latest of these visualization tools is CRISPR-Sirius, the brightest CRISPR-based tool to date for 
visualizing genomic loci in living cells.

Previous iterations of genomic loci visualization tools using 
CRISPR
In 2015, Thoru Pederson’s lab at the University of Massachusetts Medical School developed a dCas9-
based multicolor labeling system to visualize chromosomal loci in human cells (Ma et al., 2015). To do 
so, they fused a different fluorescent protein to various Cas9 variants, SpCas9, NmCas9, and St1Cas9. 
These fusions localized to specific loci based on the guide RNA sequence.

A year later, they developed CRISPRainbow (Ma et al., 2016), a set of gRNA scaffolds that contain two 
hairpin sequences (either MS2, PP7, or boxB) that each recruits a different fluorescent protein (BFP, 
GFP, or RFP) to the genomic loci of interest. Pairs of identical hairpins within one gRNA will result in a 
blue, green, or red readout. But gRNAs containing two different hairpins will produce a secondary color 
(yellow, cyan, or magenta) depending on the hairpin combination. A gRNA containing all three hairpins 
produces a white color. While CRISPRainbow allows for simultaneous visualization of sites on different 
chromosomes in living cells, the system requires high-copy chromosome-specific loci in the genome 
and the guides are relatively unstable.

Figure 1: CRISPRainbow labeling. Two MS2, PP7, or boxB sequences inserted into the 
sgRNA generates blue, green, or red colors for labeling. A combination of MS2, PP7, 
or boxB sequences in the same sgRNA will generate additional colors. Image from 
Ma et al., 2016 with permission.
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Developing CRISPR-Sirius
Recently, Hanhui Ma and the Thoru Pederson lab developed CRISPR-Sirius (Ma et al., 2018). They 
improved on previous CRISPR-based loci visualization tools by increasing gRNA stability.

First, they began with the Broccoli aptamer system to visualize the gRNA in living cells. Broccoli 
aptamers are nucleic acid sequences that bind to the small molecule, DFHBI-1T to induce its 
fluorescence. They found that aptamer insertion in the gRNA tetraloop (a four base hairpin loop motif 
within the gRNA) resulted in a more stable gRNA than when they inserted the aptamer at the 3’ end of 
the gRNA.

Because of the success of the MS2 and PP7 RNA hairpin sequences in CRISPRainbow, they knew 
they could be good candidates for further development. They inserted an octet of MS2 hairpins into 
the gRNA tetraloop and went through subsequent design iterations to increase stability and minimize 
misfolding and recombination during virus production needed to deliver CRISPR-Sirius into cells. They 
named this guide sgRNA-Sirius-8XMS2 which will recruit the HaloTag with red fluorescent ligands to 
the loci of interest.

Dual color detection
In order to label two loci simultaneously, Ma and Pederson created another sgRNA containing the PP7 
hairpin sequence (sgRNA-Sirius-8XPP7) to recruit GFP to the loci of interest. To determine how the 
sgRNA-Sirius-8XPP7 and sgRNA-Sirius-8XMS2 scaffolds performed, they compared them head-to-head 
against CRISPRainbow. Both tools were targeted to the FBN3 intronic repeat which contains 22 copies 
of the gRNA target site. In addition to increased brightness, they also found that the signal to noise 
ratio can be increased from 2-fold (by CRISPRainbow) to 3-fold with CRISPR-Sirius.

Triple color detection
With a third sgRNA containing alternating MS2 and PP7 sequences (sgRNA-Sirius-4X(MS2-PP7)) that 
result in yellow fluorescence at the loci of interest, the team could visualize three loci and measure 
inter-locus distances. They tested this system out on chromosome 19 by targeting 46 repetitive loci 
that contained  ≥20 copies of the gRNA target site. Of these, 26 of the 46 loci gave a detectable signal 
in human U2OS cells. Based upon this, they chose an intergenic DNA region (IDR3) as a reference loci 
to measure inter-locus distances of loci pairs from intergenic regions, intronic regions, and a 
pericentromeric region. All pairs were easily visualized and results were consistent with copy number 
variation (CNV) analysis of the U2OS cells.

Figure 2: CRISPR-Sirius tricolor labeling. (Left Diagram of sgRNA-Sirius-8XMS2, 
sgRNA-Sirius-8XPP7, and sgRNA-Sirius-4X(MS2-PP7) showing recruitment of 
different fluorescent proteins. (Right) CRISPR-Sirius used to visualize relative 
locations of the subtelomeric region of the pericentromeric region (PR1), the 
p-arm (T1), and the q-arm (T2) of chromosome 19. Image from Ma et al., 2018 with 
permission.
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Developing CRISPR-Sirius
Recently, Hanhui Ma and the Thoru Pederson lab developed CRISPR-Sirius (Ma et al., 2018). They 
improved on previous CRISPR-based loci visualization tools by increasing gRNA stability.

First, they began with the Broccoli aptamer system to visualize the gRNA in living cells. Broccoli 
aptamers are nucleic acid sequences that bind to the small molecule, DFHBI-1T to induce its 
fluorescence. They found that aptamer insertion in the gRNA tetraloop (a four base hairpin loop motif 
within the gRNA) resulted in a more stable gRNA than when they inserted the aptamer at the 3’ end of 
the gRNA.

Because of the success of the MS2 and PP7 RNA hairpin sequences in CRISPRainbow, they knew 
they could be good candidates for further development. They inserted an octet of MS2 hairpins into 
the gRNA tetraloop and went through subsequent design iterations to increase stability and minimize 
misfolding and recombination during virus production needed to deliver CRISPR-Sirius into cells. They 
named this guide sgRNA-Sirius-8XMS2 which will recruit the HaloTag with red fluorescent ligands to 
the loci of interest.

Dual color detection
In order to label two loci simultaneously, Ma and Pederson created another sgRNA containing the PP7 
hairpin sequence (sgRNA-Sirius-8XPP7) to recruit GFP to the loci of interest. To determine how the 
sgRNA-Sirius-8XPP7 and sgRNA-Sirius-8XMS2 scaffolds performed, they compared them head-to-head 
against CRISPRainbow. Both tools were targeted to the FBN3 intronic repeat which contains 22 copies 
of the gRNA target site. In addition to increased brightness, they also found that the signal to noise 
ratio can be increased from 2-fold (by CRISPRainbow) to 3-fold with CRISPR-Sirius.

Triple color detection
With a third sgRNA containing alternating MS2 and PP7 sequences (sgRNA-Sirius-4X(MS2-PP7)) that 
result in yellow fluorescence at the loci of interest, the team could visualize three loci and measure 
inter-locus distances. They tested this system out on chromosome 19 by targeting 46 repetitive loci 
that contained  ≥20 copies of the gRNA target site. Of these, 26 of the 46 loci gave a detectable signal 
in human U2OS cells. Based upon this, they chose an intergenic DNA region (IDR3) as a reference loci 
to measure inter-locus distances of loci pairs from intergenic regions, intronic regions, and a 
pericentromeric region. All pairs were easily visualized and results were consistent with copy number 
variation (CNV) analysis of the U2OS cells.

Figure 2: CRISPR-Sirius tricolor labeling. (Left Diagram of sgRNA-Sirius-8XMS2, 
sgRNA-Sirius-8XPP7, and sgRNA-Sirius-4X(MS2-PP7) showing recruitment of 
different fluorescent proteins. (Right) CRISPR-Sirius used to visualize relative 
locations of the subtelomeric region of the pericentromeric region (PR1), the 
p-arm (T1), and the q-arm (T2) of chromosome 19. Image from Ma et al., 2018 with 
permission.

Why try CRISPR-Sirius?
With all the tools out there to visualize genomic loci, what makes CRISPR-Sirius unique? Unlike 
fluorescent in situ hybridization, CRISPR-based visualization tools can be used in live cells. Compared 
to its predecessor CRISPRainbow, CRISPR-Sirius is brighter making it suitable for observing low-copy 
genomic loci or single copy genes. If you want to visualize genomic loci brightly, give CRISPR-Sirius a 
try (find the plasmids here).
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Multiplexed Capture of Promoter-enhancer 3D 
Chromatin Structures Using CRISPR
By Beth Kenkel | Dec 7, 2017, Updated Jul 2, 2020

Promoters may be the star of gene regulation, but enhancers and chromatin looping play important 
supporting roles. Enhancers are cis regulatory DNA sequences that, when bound by transcription 
factors, can increase a gene’s transcription. Sometimes enhancers are located thousands of base 
pairs away from the gene they regulate, but are brought in proximity by the looping of chromatin, the 
complex of DNA and proteins that forms chromosomes.

These long range DNA interactions are often detected with chromosome conformation capture (3C) 
based methods, such as 5C or Hi-C (Han et al., 2018). Think of 3C methods as taking a snapshot of 
chromatin looping with the photo “developed” by analyzing DNA sequencing data. While “pictures” 
generated with current 3C methods provide useful information about chromatin interactions, they are 
grainy so it’s hard to make out the details. To increase the resolution, the Xu lab created a dCas9-
based CAPTURE (CRISPR Affinity Purification in situ of Regulatory Elements) method. The original 
CAPTURE method was published in 2017 and addressed many of the drawbacks of 3C methods, but 
could only detect chromatin interactions at one location in the genome at a time (Liu et al., 2017). 
Recently the Xu lab developed CAPTURE 2.0, an updated version of CAPTURE that detects chromatin 
interactions at hundreds of loci at once (Liu et al., 2020).

CRISPR Affinity Purification in situ of Regulatory Elements: The 
original CAPTURE method
The original CAPTURE method requires the creation of a stable cell line that co-expresses three 
components:

1.	 dCas9 with an added biotin acceptor site
2.	 BirA, a biotin ligase
3.	 a gRNA(s) targeting a single genomic location of interest 

When these three components are co-expressed, the gRNA targets the dCas9 to the loci of interest 
and dCas9 is biotinylated by BirA. From here, the CAPTURE method is similar to other 3C methods: 
crosslinking captures chromatin interactions, a restriction enzyme digest cuts DNA into smaller pieces, 
and proximity ligation creates chimeric circles of DNA that are distant linearly but close together in 
space. The chromatin “picture” is then developed by detecting these chimeric DNA fragments by PCR 
or next-generation sequencing.

A drawback of the original CAPTURE method is that a new cell line has to be created for each 
genomic loci of interest. This is cumbersome and also makes it hard to compare results across multiple 
targets because different CAPTURE cell lines will have varying levels of dCas9 and gRNA expression. 
Additionally, CAPTURE 3C-based sequencing requires a large number of cells (~5x107). Together, these 
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two requirements prevent the use of CAPTURE with primary cells or rare cell populations.

Figure 1: The CAPTURE workflow.

Key components of the CAPTURE 2.0 system
To improve upon the original CAPTURE method, the Xu Lab made the following changes to create 
CAPTURE 2.0: 

1.	 Replace the biotinalatable tag on dCas9 with a BioTAP-tag. The BioTAP-tag is a 69 amino acid 
long biotinylation targeting sequence that is recognized by biotin ligases normally expressed in 
eukaryotic cells. Using this tag reduces the number of CAPTURE components that need to be 
delivered to cells from three to two.

2.	 Lentiviral delivery of BioTAP-tagged dCas9 and gRNAs. Using lentiviral delivery of the two 
remaining CAPTURE 2.0 components eliminates the need to create stable cell lines and allows 
CAPTURE 2.0 to be used with primary cells.

When compared to the original CAPTURE, CAPTURE 2.0 had a ~14-fold increase in its capture rate of 
chromatin interactions at a promoter in the well-characterized beta globin locus. The two methods had 
similar rates of specificity for the DNA sequence targeted in the experiment.

Figure 2: Comparing CAPTURE and CAPTURE 2.0.
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Original CAPTURE CAPTURE 2.0
Biotinylation enzyme BirA Endogenous biotin ligase
Expression system Stable cell line expressing 1) 

FLAG-biotin-tagged dCas9, 2) 
BirA, and 3) one or more gRNAs

Two separate lentiviruses 
delivering 1) a BioTAP-tagged 
dCas9 and an eGFP tag, and 2) 
gRNAs

Number of loci targeted One Many
Sample type(s) Cell lines Cell lines, primary cells

Table 1: Comparison of CAPTURE and CAPTURE 2.0.

Applications of CAPTURE 2.0
CAPTURE 2.0’s increased rate of detecting chromatin interactions opens the door for answering more 
questions about chromatin conformations. The Xu lab presented three ways to use CAPTURE 2.0:

1. Multiplex capture of chromatin interactions

The Xu lab performed a proof-of-concept experiment to show that CAPTURE 2.0 could detect multiple 
chromatin interactions at once. Chromatin interactions at five sites in the well-characterized beta-
globin locus were analyzed with CAPTURE 2.0, with two gRNAs targeting each site. They found that 
DNA sequences targeted by the gRNAs were the top enriched sequences in the experiment and there 
was little enrichment of DNA targeted by a negative control gRNA or predicted gRNA off-target sites. 
Long-range chromatin interactions identified with the multiplexed CAPTURE 2.0 largely replicated 
interactions previously identified with the original CAPTURE method. Both CAPTURE methods 
outperformed other 3D chromatin methods such as ChIA-PET or Hi-C, by increasing both the number 
of unique chromatin interactions identified and the level of on-target enrichment.

2. Determining the spatial and hierarchical organization of chromatin interaction networks 

A second application for CAPTURE 2.0 is the construction of spatial and hierarchical chromatin 
interaction networks. Think of these chromatin interactions networks as a social network. They can tell 
you things like which enhancers are interacting with which promoters, what part of a gene enhancers 
like to interact with, and how many promoters or genes each enhancer is interacting with. Super 
enhancers are particularly good models for building chromatin interaction networks since they are 
a large cluster of enhancers. CAPTURE 2.0’s multiplexing and high resolution allowed the Xu Lab to 
simultaneously characterize the ‘social networks’ of 157 super enhancers. 

https://doi.org/10.1186/1471-2164-15-S12-S11
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3. Measuring temporal changes in chromatin interactions

A third application for CAPTURE 2.0 is detection of temporal changes in chromatin conformation, like 
those that occur during development and cellular differentiation. Using a cell line model, the Xu Lab 
tracked enhancer-promoter interactions during erythroid differentiation.

CAPTURE 2.0 captures chromatin’s dynamic role in gene 
regulation
The high resolution and multiplexed chromatin ‘photos’ generated with CAPTURE 2.0 allow us to 
uncover new details and patterns in chromatin interactions. The chromatin story told by CAPTURE 2.0 
is important, but it’s not the only plot line in gene regulation. When chromatin conformation data is 
compared with changes in gene expression, chromatin accessibility, and epigenetic modifications, we 
can start to build a timeline of events that surround changes in gene expression and determine who’s a 
key driver of these changes. By generating a more vivid chromatin picture, CAPTURE 2.0 re-writes the 
script on gene regulation.
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Ribonucleoprotein (RNP) Delivery
By Andrew Hempstead | Sep 6, 2018

CRISPR has greatly enhanced the ability of scientists to make genomic alterations, bringing about 
a revolution in genome engineering, with new techniques rapidly being developed. Performing a 
CRISPR experiment requires delivery of, at minimum, two components: the Cas9 protein and a guide 
RNA (gRNA) targeting your genomic site of interest. This is commonly performed by transfecting cells 
with a plasmid, such as PX459, which encodes Cas9 and contains a site for inserting a custom gRNA.  
While this methodology has proven to be incredibly valuable to scientists, there are some potential 
complications that must be considered when using this method:

1.	     Cells must be amenable to transfection or viral transduction
2.	     Appropriate promoters must be chosen for both Cas9 and gRNA expression  
3.	     Plasmid DNA may be incorporated into the genome
4.	     Off-target effects can occur due to prolonged Cas9 expression
5.	     The requirement for Cas9 transcription and translation delays editing

Cas9-gRNA ribonucleoproteins
One alternative approach, which avoids many of these complications, is to directly deliver a 
ribonucleoprotein (RNP), consisting of the Cas9 protein in complex with a targeting gRNA, to your cells 
of interest.

There are many advantages to using RNPs for CRISPR experiments. The RNP method can often 
be used in cells that are difficult to transfect, such as primary cells. Using RNPs can also alleviate 
difficulties with protein expression that occur in cells where common eukaryotic promoters (such 
as CMV or EF1A promoters found in many CRISPR plasmids) are not expressed. Lastly, because this 
method does not require the delivery of foreign DNA, and the Cas9-gRNA RNP is degraded over time, 
using RNPs may limit the potential for off-target effects.

As with plasmid based techniques, RNPs can be used to deliver Cas9 variants and to direct homology 
directed repair (HDR). In the former, modified versions of nuclease dead (dCas9) are used for a variety 
of experimental purposes, such as modifying gene expression, without altering the genome. In HDR 
experiments, Cas9-gRNA RNPs are used in combination with a template DNA to generate a specific 
mutation at a genomic site of interest. As new CRISPR techniques and tools are developed, it is likely 
that RNPs will play a major role in the application of these approaches.

Preparing the Cas9-gRNA ribonucleoprotein
The first step in this type of CRISPR experiment is the generation of the RNP complex.  While one 
option is to purchase the Cas9 protein and a gRNA from a commercial vendor, this can often be 
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expensive. An alternative approach is to express and purify His-tagged Cas9 from E. coli using a 
plasmid such as pET-28b-Cas9-His from Alex Schier’s lab. gRNAs can be in vitro transcribed from 
ssDNA, which can be generated by commercial vendors such as IDT. These two components are then 
incubated together to form the RNP. Detailed protocols outlining these steps have been made publicly 
available by both the Jacob Corn and Alex Schier laboratories.

Delivering Cas9-gRNA ribonucleoproteins
An advantage of performing CRISPR 
experiments using RNPs is the variety 
of methods that can be used to deliver 
a Cas9-gRNA RNP. This advantage has 
allowed scientists to perform in vitro and 
in vivo CRISPR studies in experimental 
systems that may not be amenable to 
plasmid-based methods.

One of the most common techniques for 
delivery of RNPs is electroporation (A in 
the figure), which generates pores in the 
cell membrane, allowing for entry of the 
RNP into the cytoplasm. In addition to 
the use of this technique in cell culture, 
it has also been applied to genome 
editing of mouse zygotes, through a 
process known as CRISPR-EZ (CRISPR 
RNP Electroporation of Zygotes) (Chen 
et al. 2016). For CRISPR experiments 
that involve HDR, electroporation can be 
combined with cell-type specific reagents 
in a technique known as nucleofection, 
which forms pores in the nuclear 
membrane, allowing for entry of a DNA 
template.

Multiple methods have been developed 
to enable Cas9-gRNA RNP-based genome 
editing in vivo. Though these techniques are in the early stages of development, they may serve as 
the basis for the use of CRISPR to treat genetic diseases. David Liu’s Lab has demonstrated the use of 

Figure 1: Three ways to delivery Cas9-gRNA ribonucleoproteins 
include (A) Cas9-gRNA complex by electroporation, (B) Cas9-
gRNA in cationic lipid vesicles, (C) Cas9-gRNA binds a ligand to 
enter through a receptor.
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cationic lipid-mediated methods (B in the figure) to deliver Cas9-gRNA RNPs to hair cells in the mouse 
inner ear (Zuris et al. 2015). A more targeted approach using RNPs has recently been described in vitro, 
with the hope of eventually using this method for in vivo applications. This technique utilizes Cas9 
proteins harboring receptor ligands (C in the figure), which result in the internalization of Cas9-gRNA 
RNPs by specific cell types (Rouet et al. 2018). This was accomplished using a Cas9 mutant (Cas9M1C/
C80S) that harbors two surface exposed cysteines, including the native C547, allowing for ligation to 
pyridyl disulfide-activated ligands.

Due to the concerns of off-target mutations and transgene integration in crops, delivery of Cas9-gRNA 
RNPs to plants, as an alternative to plasmid based techniques, has been an area of intense study. 
Two methods to accomplish this are Polyethylene Glycol (PEG) mediated transfection of protoplasts 
and biolistic bombardment of immature embryos (Liang et al. 2017).  PEG-mediated methods, while 
technically less difficult to perform, often show low efficiency, while biolistic bombardment, which can 
have high efficiency, requires specialized equipment, such as a gene gun. Depending on the nature of 
the experiment, it is up to the researcher to determine which method is most appropriate for a given 
experiment.

Considerations for RNP-mediated CRISPR experiments
While using Cas9-gRNA RNPs for CRISPR experiments can reduce many potential complications, 
there are additional factors to take into account with these types of experiments. One important 
consideration is that the Cas9-gRNA RNP will be degraded by the cell over time. As a result, RNP-
mediated CRISPR experiments may not be suitable for experiments where stable Cas9 expression 
is required, such as when a Cas9 fusion to a fluorescent protein is used to label nucleic acid targets.  
While Cas9-gRNA RNPs show promise for in vivo studies, little is known about the immunogenicity 
and stability of the Cas9 protein in the host. Indeed, research has shown that a Cas9 protein from 
Geobacillus stearothermophilus is more stable in human plasma than the standard spCas9 (Harrington 
et al. 2017). Lastly, as with any scientific research, choice of a technique often comes down to the 
researcher’s familiarity with different systems.  Using Cas9-gRNA RNPs in your experiments can require 
steps such as protein expression and purification, which will require additional laboratory reagents, 
equipment, and expertise.

Final thoughts
The Cas9-gRNA RNP method provides scientists with an additional means to deliver CRISPR 
components to their experimental systems of interest. Using this method can alleviate many issues 
that may arise when using plasmid-based systems, most notability the ability to perform CRISPR 
studies in cells that are difficult to transfect or transduce. While using Cas9-gRNA RNPs may require 
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the production of the Cas9 protein and a gRNA in your laboratory, once these have been acquired, 
genomic editing can be performed rapidly and, in many cases, with reduced chance for off-target 
effects. As the CRISPR field continues to evolve, it is likely that the use of RNPs will play an important 
role in its continued advancement.
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CRISPR technology has been widely adopted for genome editing purposes because it’s cheaper, 
faster, and easier than prior editing techniques. More and more CRISPR tools are being published each 
month, making CRISPR a great choice for your next experiment!

Here, we’ll provide an overview of some CRISPR mammalian expression systems, the typical 
applications for each, and potential delivery methods.

General considerations for planning your CRISPR experiment
As with any experiment, there are many factors that need to be considered during the planning 
process. For CRISPR experiments, the following framework can help get you started:

1.	 Determine what type of outcome you are trying to achieve: Do you want to permanently knock out 
or knock-in a gene? Do you want to activate or repress gene expression? Are you trying to create 
a single point mutation? Do you want to create a fusion with a reporter protein such as GFP? All of 
these outcomes can be most effectively achieved with different CRISPR components.

2.	 Select the appropriate CRISPR tools for your application: Wildtype Cas9 or Cas9 nickase are 
appropriate for generating knockouts or knock-ins, or introducing mutations and tags, while a 
catalytically dead dCas9 can be used in conjunction with activator or repressor domains to control 
gene expression. Base editors can help you make precise point mutations near the gRNA target 
site.

3.	 Choose an appropriate expression system and delivery method: Do you need stable integration or 
is transient expression sufficient? Which cell types will you be editing? Do you want to deliver the 
components as DNA, or would mRNA or protein delivery be more suitable?

4.	 Determine how you will evaluate the outcome: Will you be detecting insertions/deletions using 
a mismatch repair assay? Or is PCR followed by gel electrophoresis and/or next-generation 
sequencing more appropriate?

If you already have an end product in mind, steps 1 and 2 will generally be straightforward. Likewise for 
step 4, as this ties directly back to your specific goal. When thinking about step 3, however, you may be 
surprised at the number of options available - how do you choose between them?

One of the first steps is to identify what CRISPR components you will need to deliver. Minimally, one or 
more sgRNAs and Cas9 are required for any application. If you want to include a homology directed 
repair (HDR) template to create knock-ins, point mutations, or to add a tag, you will also need to 
deliver a donor plasmid or single-stranded DNA oligonucleotide, so you will need to make sure your 
expression system and delivery methods are compatible with all your components.

Next, consider the best form for those CRISPR components based on your model system. CRISPR 
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reagents can be delivered via transfection, nucleofection, viral transduction or injection as either 
protein, RNA, or DNA. Finally, once you have identified the best expression system, you can then 
choose the best method for introducing those CRISPR components into your target cells. 

Mammalian CRISPR expression systems
Each model system has its own best practices for efficient delivery of CRISPR components. If you are 
new to CRISPR or your model system, a good first step would be to consult the literature to see if 
anyone has published a protocol that would work for your system. Addgene has depositor submitted 
protocols and links to a CRISPR forum where you may be able to find information regarding your 
system of choice. The table below summarizes the various components included with each expression 
system as well as suitable applications.

Table 1: Various expression systems, their components and applications

Expression system Component of system Application
Mammalian expression vector Promoter driving Cas9 expression 

can be constitutive or inducible. 
U6 promoter is typically used 
for gRNA. May contain reporter 
gene (e.g. GFP) to identify and 
enrich positive cells or a selection 
marker to generate stable cell 
lines.

Transient or stable expression 
of Cas9 and/or gRNA in a 
mammalian cell line that can be 
transfected at high efficiency.

Lentiviral transduction Cas9 and gRNA can be present in 
a single lentiviral transfer vector 
or separate transfer vectors. May 
contain reporter gene (e.g. GFP) 
to identify and enrich positive 
cells. Likely contains a selection 
marker to generate stable cell 
lines. Packaging and Envelope 
plasmids provide the necessary 
components to make lentiviral 
particles.

Stable, tunable expression of 
Cas9 and/or gRNA in a wide 
variety of mammalian cell lines. 
Useful for difficult to transfect 
cell types and can be used 
in vivo. A common choice 
for conducting genome-wide 
screens using CRISPR.
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AAV transduction
Only compatible with SaCas9 
(packaging limit ~4.5kb). CRISPR 
elements are inserted into an 
AAV transfer vector and used to 
generate AAV particles.

Transient or stable expression 
of SaCas9 and/or gRNA. 
Infects dividing and non-
dividing cells. AAV is least 
toxic method for in vivo viral 
delivery.

Cas9 mRNA and gRNA Plasmids containing gRNA 
and Cas9 are used in in vitro 
transcription reactions to 
generate mature Cas9 mRNA 
and gRNA. RNA is delivered to 
target cells using microinjection 
or electroporation.

Transient expression of CRISPR 
components, expression 
decreases as RNA is degraded 
within the cell. Can be used 
for generating transgenic 
embryos.

Cas9-gRNA ribonucleoprotein 
complexes

Purified Cas9 protein and in vitro 
transcribed gRNA are combined 
to form a Cas9-gRNA complex 
and delivered to cells using 
cationic lipids.

Transient expression of CRISPR 
components, expression 
decreases as gRNA and Cas9 
protein are degraded within 
the cell.

Delivery methods for mammalian cell lines
As mentioned above, the expression system you choose in many ways dictates the best method 
for introducing those CRISPR components into your target cells. Delivery of these components into 
mammalian cell lines is quite broad and includes several different methods, so we’ve summarized 
some key features of common delivery methods below:

Table 2: Chemical transfection

Lipid mediated Cationic polymers Calcium phosphate
Cells Transformed cell lines Transformed cell lines Transformed cell lines
Cargo Nucleic acid or protein Nucleic acids Nucleic acids
Throughput High High High
Efficiency Medium Medium Medium
Difficulty Easy Easy Easy

Mammalian Expression Systems and Delivery 
Methods (CONT’D)
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Table 3: Physical transfection

Electroporation/nucleofection Microinjection
Cells Many types Single cells
Cargo Nucleic acids or proteins Nucleic acids or proteins
Throughput High Very low
Efficiency High Very high
Difficulty Very easy Very hard

Table 4: Viral delivery

Lentivirus Retrovirus AAV
Cells Dividing or nondividing Dividing Dividing or nondividing
Cargo Nucleic acids Nucleic acids Nucleic acids
Throughput Low Low Low
Efficiency Variable Variable Variable
Difficulty Hard Hard Hard

If your expression system is not well characterized in terms of CRISPR use, you will want to invest some 
time in optimizing and testing the efficiency of CRISPR delivery. There are a few plasmids at Addgene 
that have been published as CRISPR testing tools:

•	 Traffic Light Reporter System: Can evaluate lentiviral component delivery as well as genome repair 
by non-homologous end joining (NHEJ) or HDR.

•	 EGFP validation of sgRNAs: Can evaluate component delivery and sgRNA efficacy by cloning in 
genome target sequence into EGFP reporter.

•	 Target DNA reporter system: Can evaluate component delivery with validated tools.
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Adenoviral Delivery of CRISPR/Cas9 Expands 
Genome Editing to Primary Cells
By Kendall Morgan | Sep 30, 2014, Updated Dec 10, 2020 by Benoit Giquel

Adenoviral vectors (AdVs) have been used for many years for in vivo delivery and gene therapy 
and represent one of the most studied viruses. Adenoviruses are non-enveloped double-stranded 
DNA viruses with a genome of around 36 kb in size, which does not integrate into the host genome, 
removing the risk of oncogenicity or genotoxicity seen with other vectors (Lukashev et al., 2016). The 
protein capsid encapsulating the genome is majorly composed of three proteins that can be easily 
modified in order to facilitate its entry into the target cells (Beatty et al., 2012). These features make 
AdV an attractive candidate for in vivo delivery of advanced genome editing machinery such as 
CRISPR-Cas.

Delivering gRNA and Cas9 using adenoviral vectors
As compared to other viral vectors, AdVs can 
provide a large transgene packaging capacity. For 
instance, with a packaging capacity of about 6 kb, 
the 1st generation of AdVs already have a larger 
packaging capacity than AAV vectors. This capacity 
is large enough to carry the Cas9 gene and a gRNA 
expression cassette in one single viral particle. The 
earliest explorations of the use of AdV for in vivo 
CRISPR-Cas delivery utilized the Non Homologous 
End Joining (NHEJ) DNA repair mechanism to knock 
out genes as a result of an insertion, a deletion or 
a frameshift (Ding et al., 2014, Wang et al., 2015). In 
these studies, the strategy employed was to deliver a 
standard AdV vector to the targeted organs or tissues 
with Cas9 and a gRNA designed to target a mutated 
gene. In a Scientific Reports paper introducing 
the delivery method in 2014, Manuel Goncalves’ 
lab reported that AdV-mediated transduction of 
gRNA:Cas9 ribonucleoprotein complexes into 
transformed and non-transformed cells yielded rates 
of targeted mutagenesis similar to those achieved 
by isogenic AdVs encoding TALENs targeting the 
same chromosomal region. The CRISPR/Cas9-derived 
RNA-guided nuclease-induced gene disruption 
frequencies in the various cell types ranged from 18% 

to 65% (Maggio et al., 2014).

An alternative approach to NHEJ is to utilize the Homology Directed Repair (HDR) to knock in 

Figure 1: Adenoviral vectors can be used to deliver 
CRISPR components and a repair template (for 
HDR) to generate knock-outs (NHEJ) or knock-ins 
(HDR).
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corrective genes. For this you would need to provide a DNA template to repair the double strand break 
via homology directed repair and you would probably need to use a two viral vector systems: one 
vector for Cas9/sgRNA and one vector for your specific DNA template. Using this two vectors system, 
Manuel Gonçalves’ lab found in a second paper published in Nature Methods the same year that 
delivering RNA-guided nucleases or TALENs together with AdV donor DNA leads to a vast majority of 
AdV-modified human cells being subjected to scarless homology-directed genome editing (Maggio et 
al., 2014). Gonçalves said they attribute this phenomenon to the presence of terminal proteins capping 
the ends of linear double-stranded AdV genomes. Such protein-DNA structures presumably reduce the 
likelihood that donor DNA will interact with sporadic double-stranded chromosomal DNA breaks “that 
always happen naturally.”

These adenoviral CRISPR/Cas9 genome editing tools developed and demonstrated by Manuel 
Gonçalves and his colleagues at Leiden University Medical Center are now available at Addgene along 
with a description of their experimental protocol. The three plasmids which have been deposited to 
Addgene are: pAdSh.PGK.Cas9, pAdSh.U6.gRNAS1, and pAdSh.U6.gRNAGFP.

Gonçalves says that advantages of AdVs include their episomal nature and very efficient introduction 
of DNA into therapeutically relevant, non-transformed mammalian cells. These viral vector systems also 
work equally well in dividing and quiescent, post-mitotic mammalian cells.

Applications of CRISPR delivery by adenoviral vectors
Since then, other groups have successfully developed and used AdV vectors to edit genes in several 
biological systems. It has been used for instance in inherited disorders such as B-thalassemia, Sickle 
Cells Disease, Duchenne Muscular Dystrophy, Alpha1-antitrypsin deficiency (most widely used so far) or 
for cancer gene therapy such as nonalcoholic steatohepatitis cancer. In deficiencies of plasma proteins 
where AdV vector delivery is often used, the CRISPR approach based on HDR has the advantage of 
being a potentially universal treatment (Stephens et al., 2019). If sufficient gene transfer and knock-in 
is achieved, producer cells could produce corrective amounts of protein for any such disease. This 
technology therefore represents a potential platform that could be realized via simple switching of the 
relevant gRNAs and donor DNA.

Adenoviral CRISPR/Cas9 genome editing tools can also be used to deliver Cas9 and DNA templates 
in somatic cells of adult animals in order to create animal models for particular cancer. That’s exactly 
what the lab of Andrea Ventura at the Memorial Sloan Kettering Cancer Center did to create a model of 
Eml4–Alk-driven lung cancer (Maddalo et al., 2014). These tools are available at Addgene and could be 
useful to labs wishing to create this kind of animal models.
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Start using adenoviral vectors with your CRISPR/Cas9 research!
To find more information about the adenoviral delivery of CRISPRS/Cas9 using the Gonçalves and 
Ventura labs’ plasmids, including protocols, check out the plasmids at Addgene: pAdSh.PGK.Cas9 
(expresses S. pyogenes Cas9 from the PGK promoter) and U6 promoter-driven guide RNA constructs, 
pAdSh.U6.gRNAS1 and pAdSh.U6.gRNAGFP, and also Adeno Cas9 and Adeno EA. Or if you’re looking 
for a broader range of CRISPRs plasmid tools, find more plasmids, CRISPR technology guides, FAQs, 
and CRISPR resources on Addgene’s CRISPR page.
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CRISPR genome editing has quickly become a popular system for in vitro and germline genome 
editing, but in vivo gene editing approaches have been limited by problems with Cas9 delivery. 
Adeno-associated viral vectors (AAV) are commonly used for in vivo gene delivery due to their low 
immunogenicity and range of serotypes allowing preferential infection of certain tissues. However, 
packaging Streptococcus pyogenes (SpCas9) and a gRNA together (~4.2 kb) into an AAV vector is 
challenging due to its packaging capacity of AAV (~4.7 kb). While this approach has been proven 
feasible, it leaves little room for additional regulatory elements. Feng Zhang’s group previously 
packaged Cas9 and multiple gRNAs into separate AAV vectors, increasing overall packaging capacity 
but necessitating purification and co-infection of two AAVs.

Cas9 orthologs: shorter, but just as potent and specific?
The two AAV strategies described above showed successful target modification, indicating that AAV 
is a good delivery vehicle for Cas9. However, to allow for more room for regulatory sequences while 
still fitting Cas9 and its gRNAs into one AAV, Cas9 must be made smaller. Previous attempts to “shrink” 
Cas9 include the use of St1Cas9 (~3.3 kb) from Streptococcus thermophilus and a rationally-designed 
truncated Cas9. Unfortunately, certain drawbacks limit the utility of these systems: St1Cas9 requires a 
very specific PAM sequence that limits the number of targetable loci, and truncated Cas9 has much 
lower efficiency than its wild-type counterpart. 

In search of a smaller, but equally potent Cas9 protein, the Zhang lab took a different approach. They 
analyzed over 600 Cas9 orthologs and found that they could be divided into two groups: longer 
orthologs approximately 1,350 amino acids in size, which includes SpCas9, and shortern orthologs 
approximately 1000 amino acids in size. From the pool of shorter orthologs, only Staphylococcus 
aureus Cas9 (SaCas9, 1,053 amino acids) displayed cleavage activity in mammalian cells. SaCas9 
produced indels at a similar efficiency to SpCas9, leading the group to focus their efforts on SaCas9 
characterization for in vivo studies.

One of the pitfalls of CRISPR/Cas9 genome editing is the potential for off-target effects. To compare 
the off-target effects of SpCas9 and SaCas9, Zhang’s group used an approach called BLESS (direct in 
situ breaks labeling, enrichment on streptavidin and next-generation sequencing). Using this sensitive 
method, they found that SaCas9 did not display higher levels of off-target activity than SpCas9, 
confirming its suitability for in vivo studies.

Testing AAV-SaCas9 in vivo
To test the efficiency of AAV-SaCas9 in vivo, the Zhang lab created an all-in-one SaCas9 and sgRNA 
construct using the liver-specific serotype AAV8. Since the efficiency of CRISPR/Cas9 genome editing 
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varies across targets, they tested two genes in mice. For both genes, they saw indel formation and 
phenotypic changes as early as 1 week post-injection. Livers from these mice were histologically 
normal and liver injury markers were not increased compared to a control AAV-GFP. Not only did the 
AAV-SaCas9-sgRNA constructs mediate genome modification, but they did so without a substantial 
immune response or toxicity.

More AAV-based CRISPR systems
Smaller Cas proteins
SaCas9 isn’t the only CRISPR enzyme that’s small enough to package into AAV.
•	 At 984 amino acids in length, Cas9 from Campylobacter jejuni (CjCas9) is the smallest Cas9 

ortholog characterized to date. Kim et al. successfully used CjCas9 with AAV to target genes in 
mouse muscle and eye tissue.

•	 Neisseria meningitidis Cas9 (NmeCas9) at 1,082 amino acids, can also be packaged into AAV. 
NmeCas9 has the added advantage that it can be turned off by anti-CRISPR proteins. The 
Sontheimer lab used NmeCas9 with AAV to edit two different disease-causing loci in mouse liver. 

•	 Two other smaller Cas proteins include Cas12b and CasX. While there are no papers yet published 
that deliver these Cas proteins with AAV, at just 1,108 and 986 amino acids, respectively, the size of 
both is within AAV’s packaging limit.

•	 For CRISPR-based RNA editing, the REPAIR (RNA Editing for Programmable A to I Replacement), 
system is also small enough to deliver with AAV. This system fuses catalytically dead dCas13b 
to the catalytic domain of RNA deaminase ADAR2. Constructs containing the ADAR2 truncation 
ADAR2DD(delta984-1090) are approximately 4.1 kb in length, allowing them to be packaged in AAV.  

Split AAV approaches 

While finding smaller Cas9 orthologs works for some applications, it doesn’t eliminate the need 
to deliver larger cargo such as base editors and prime editors. While using AAV to deliver large 
transgenes might seem daunting, it’s actually a challenge that the field has overcome with split AAVs. 
In general split AAVs break a large transgene in two pieces and package each piece into an individual 
AAV. When a cell is transduced by both AAVs, the full length gene and/or protein is reconstituted.

One way to reconstitute a split protein like Cas9 is to use split inteins. Split inteins are a pair of naturally 
occuring polypeptides that, when at the ends of two proteins, mediate protein trans-splicing, similar 
to an intron in pre-mRNA splicing. In 2016, Fine et al developed a proof-of-concept split intein SpCas9 
which had modest editing rates in HEK-293T cells when compared to the full-length SpCas9. In 2016, 
Chew et al. developed a split intein spCas9-AAV toolbox that retains the gene-targeting capabilities 
of full-length SpCas9. This set of plasmids includes AAV-Cas9C-VPR for targeted gene activation. Split 
inteins have also been used to express base editors.
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By Beth Kenkel | Sep 26, 2019

CRISPR is a simple and versatile tool for genome engineering, but its utility is dependent on its ability 
to infiltrate cells. Options for CRISPR delivery include plasmid transfection, RNP electroporation, and 
viral transduction; but these methods aren’t stealthy enough to gain access to some cells and tissues, 
such as human induced pluripotent stem cells (hiPSCs). Nanoblades, a new CRISPR delivery method 
developed by the Ricci Lab and the T. Ohlmann Lab, adds a covert tool to the CRISPR tool box. 

Nanoblades are engineered murine leukemia virus (MLV)-like particles loaded with Cas9-gRNA 
ribonucleoproteins (RNPs). According to the authors, they named their tool Nanoblades because they 
think of these particles as tiny DNA cutting ninjas that deliver CRISPR to multiple types of targets: 
primary cells, embryos, and animals. Nanoblades can also carry different types of CRISPR cargo 
including RNPs for indel formation via NHEJ, precise modification with Homology Directed Repair 
(HDR), CRISPR activation or repression, transgenic mouse line creation, and in vivo gene editing of 
mice, with the potential to be used for other types of CRISPR applications. Let’s take a look at the key 
components of Nanoblades, how their editing efficiency and off-target effects compare to existing 
technologies, and their use for HDR editing and mouse-model generation.

Key components of Nanoblades
Nanoblades are a Cas9 RNP delivery vehicle that’s based on mouse leukemia virus (MLV) virus-like 
particles (VLPs). VLPs lack viral genomes which means they are non-infectious and non-replicative. 
Nanoblades are produced by transfecting the following four components into 293T cells.

MLV GAG-POL polyprotein

Nanoblades are formed when viral structural proteins, such as the MLV protein Gag, multimerize and 
spontaneously assemble into particles at the cell membrane. Mature Nanoblades then bud into the cell 
culture supernatant and can be purified by centrifugation.

Gag-Cas9 fusion protein

The MLV Gag protein fused to a Flag-tagged SpCas9 is incorporated into Nanoblades, just like the 
unmodified MLV Gag protein. After Gag-Cas9 is incorporated, the MLV protease, supplied as part of the 
MLV Gag-Pol polyprotein, cleaves the proteolytic site connecting the two proteins, thus releasing Cas9. 
Nanoblades can also deliver Cas9 variants, such as a transcriptional activator dCas9-VPR, if these 
variants are fused to the MLV Gag in place of SpCas9.

gRNA

A gRNA targeting a DNA sequence of interest is expressed in 293T cells and loaded into Nanoblades 
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by association with the the Cas9 portion of the Gag-Cas9 fusion protein. A single Nanoblade particle 
can be loaded with 1-4 different gRNAs.

Viral envelope proteins

To alter the cell tropism of Nanoblades, different viral envelope protein(s) are expressed to pseudotype 
Nanoblades. The team found that Nanoblades pseudotyped with a mix of VSV-G and the baboon 
endogenous retrovirus Rless glycoprotein (BaEVRless) had high rates of transduction for most cell 
types they tested.

Figure 1: The key components of Nanoblades. Image from Mangeot et al., 
2019.

Genome editing primary cells with Nanoblades
Primary cells are often refractory to gene delivery methods, but the researchers were able to edit 
hiPSCs, mouse bone marrow (BM) cells, primary human hepatocytes, and hematopoietic stem cells 
(HSCs) using Nanoblades. Overall, editing efficiencies were between ~50-70% for these four cell 
types (Table 1). Additionally, hiPSCs and mouse BM cells still behaved like iPSCs and BM cells after 
Nanoblade treatment as measured by their maintenance of pluripotency marker expression and 
response to LPS stimulation, respectively.
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Table 1: Editing efficiency using Nanoblades in various cell types.

Primary cell type Gene targeted by guide Editing efficiency
hiPSCs EMX1 67%
Mouse BM cells from GFP 
transgenic mouse

GFP ~60-65%

Human hepatocytes Myd88 ~50%
Human HSCs Myd88 ~50%

Comparing Nanoblades to existing CRISPR delivery methods
When compared head-to-head with existing CRISPR delivery technologies, Nanoblades had higher 
rates for editing efficiency and lower rates of off-target effects. Nanoblades generated up to 76% 
editing efficiency in mouse BM cells when using a gRNA targeting the Fto gene, while editing was not 
detected in cells electroporated with RNPs using the same guide. Nanoblades also had lower off-target 
effects when compared to DNA transfection of gRNA and Cas9 expression plasmids. These results 
are in line with previous research showing that the method of Cas9 and gRNA delivery can influence 
the level of off-target effects, with electroporation of RNPs generally having lower off-target edits 
compared to DNA transfection. 

Homology directed repair (HDR) with Nanoblades
CRISPR-based HDR allows for the precise insertion of a DNA sequence ranging from a single 
nucleotide change to large insertions like the addition of a fluorophore or tag. To utilize HDR, a donor 
template containing the desired sequence flanked by homology arms must be delivered to cells along 
with the gRNA and Cas9. An “all-in-one” Nanoblade which carries a gRNA, Cas9, and a HDR donor 
template DNA can be generated by incubating Nanoblade particles with polybrene, a cationic polymer. 
Polybrene has long been used to increase retroviral transduction efficiency by neutralizing the charge 
repulsion between virions and the cell surface, and also helps form DNA and retroviral-particle or VLPs 
complexes. The team found that “all-in-one” Nanoblades facilitated HDR with either a ssDNA or dsDNA 
donor template.

In vivo editing of mouse zygotes and mice with Nanoblades
CRISPR has also been extensively used to create transgenic mice by microinjecting zygotes with 
CRISPR components. However, this sometimes requires intracellular injections into the cytoplasm 
or pronucleus of the zygote which is both technically challenging and can negatively impact zygote 
viability. Nanoblades, however, avoid this pitfall since they are injected into the space surrounding the 
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zygote, where they can then fuse with the target cell membrane, and transfer their CRISPR cargo into 
the zygote. As a proof-of-principle, the team used Nanoblades to disrupt the tyrosinase (Tyr) gene in 
mouse zygotes, which results in albinism in mice. Of the eight mice born from Tyr Nanoblade treated 
zygotes, five had detectable Tyr editing at the phenotypic and genotypic levels. The editing efficiencies 
of the chimeric and fully albino mice ranging from 11% to 100%, a level similar to other approaches. 

Nanoblades can also be used to non-invasively gene edit the liver of adult mice. When mice were 
IV injected with Nanoblades targeting the hydroxyphenylpyruvate dioxygenase (HPD) gene, all nine 
treated mice had ~10% editing in their livers, while non-injected and control gRNA injected mice had no 
detectable editing. Additionally, off-target spleen editing was not detected and Nanoblade injection did 
not induce morbidity. Together these results demonstrate that Nanoblades are a potential alternative 
method for generating transgenic mice strains and for non-invasive in vivo gene editing.

The bottom line on Nanoblades
Nanoblades are tiny DNA-cutting ninjas which can stealthily deliver many types of CRISPR editing 
cargo to difficult to target cells. When compared to existing Cas9 delivery methods, Nanoblades 
have just as good if not better on-target editing efficiencies and have lower off-target edits. Another 
great thing about Nanoblades? They’re easily produced in a BSL2 lab, making them a versatile and 
accessible genome editing tool. Get Nanoblades for your research!
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Generating Mouse Models Using CRISPR/Cas9
By Wenning Qin and Haoyi Wang | Jul 12, 2016, Updated Oct 1, 2020 by Aliyah Weinstein

CRISPR/Cas9 is revolutionizing the mouse gene-targeting field. Mice have long been extremely useful 
in the lab – they are relatively small and easy to work with, making them the go-to choice for studying 
mammalian biology. Similar to any model, mice are not without their problems, but much genetic and 
physiological data have been accumulated over the years using them. Indeed, the future of mouse 
work is bright as it is now easier than ever to manipulate the mouse genome using CRISPR/Cas9.

Similar to the human genome, the mouse genome is made up of 3 x 109 nucleotides (nt), and encodes 
23,000 or so genes. It would be great if we could just go in and quickly manipulate individual mouse 
genes and study their function in health and disease, but, until recently, it just wasn’t that easy. In the 
1980s, gene targeting technology was invented to introduce specific changes into the mouse genome. 
With these early technologies, a researcher would first introduce a mutation into a mouse embryonic 
stem cell (ESC) line, enrich and select for cells that had successfully incorporated the desired mutation, 
and then derive mice from these engineered ESCs. To do so, the engineered ESCs would be injected 
into developing mouse embryos, the embryos allowed to develop into chimeric mice (with a fraction of 
the cells in the adult mice derived from the engineered ESCs), and chimeric adults mated to produce 
completely transgenic offspring. Although powerful, this technology is cumbersome to use, not that 
efficient, often takes more than a year to generate a mouse model, and its success is not always 
guaranteed.

To learn more about this process check out our Mouse Modeling blog posts: Part 1: Genetically 
Engineered Mice and Part 2: Breeding and Crossing Mice.

My first CRISPR mouse experiment
Everything changed with the advent of CRISPR in 2013 (Cong et al., 2013)! Haoyi got his first exposure 
to CRISPR when he used this new technology to engineer mouse models (Wang et al., 2013, Yang et 
al., 2013). Like everyone else in the world, I (Wenning) was fascinated by CRISPR and rushed to test it. 
I still remember the day, March 16, 2014, that I got my first preliminary results from a CRISPR genome 
editing experiment. I was in my office and opened a sequence file. Then I saw it, the chromatogram 
showing the telltale signs of a mutation introduced by CRISPR. The sequence started clean and then, 
about 100 bps into the run, it got “dirty”, with multiple sequence traces overlapping each other! When 
the count was done, 75% of the mice in this experiment showed a mutation! I looked out my window 
and I saw the Dorr Mountain with the rest of the skyline of Acadia National Park. I was confused. It 
was supposed to be hard. I was mentally prepared to go through a learning curve that would result in 
success only after many attempts. Was I really successful in my first attempt at using CRISPR?

Later on, I found out that my experience was shared by many others around the world. Yes, finally, 
we have a technology, CRISPR, that is simple in concept, straightforward to use, and robust in 
performance. In its natural setting, CRISPR-Cas9 is an acquired immune system in bacteria and 
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archaea. As you know well if you’ve been following the Addgene blog, it has been repurposed for 
genome editing in eukaryotes, with the most widely used CRISPR genome editing system derived from 
Streptococcus pyogenes. An alternative Cas9, from Streptococcus aureus, is as effective at editing 
mouse embryos as Cas9 from S. pyogenes and has the advantage of being smaller (Zhang et al., 2016). 
For editing the genome, the CRISPR/Cas system makes use of 3 components, a guide RNA (gRNA) 
of about 125 nt that specifies the target, the Cas9 endonuclease that creates the DNA double-strand 
break (DSB) at the target site, and a donor oligonucleotide or plasmid as the repair material if needed 
(for knock in models).

CRISPR mouse model basics
To create a mouse model, the gRNA, Cas9, and donor oligonucleotide or plasmid components are 
brought together and microinjected 
into either the pronucleus or the 
cytoplasm of fertilized mouse eggs. 
Or, to avoid handling embryos ex vivo, 
the components can be electroporated 
into the oviduct of pregnant females, a 
technique called Genome editing via 
Oviductal Nucleic Acids Delivery, or 
GONAD (Gurumurty et al., 2016). AAV 
can also be used as a vector to deliver 
CRISPR/Cas9 either through injection 
into either an oocyte or into the oviduct 
of pregnant females (Yoon et al., 2018, 
Mizuno et al., 2018). Alternatively, the 
gRNA, Cas9, and donor oligonucleotide 
can be electroporated into the mouse 
zygote (Qin et al., 2015). 

When inside the zygotes, the gRNA will 
seek out its target among the 3 X 109 nt 
of genetic content in the mouse genome 
and the Cas9 enzyme will make a cut 
at the target site. This is when it gets 
exciting – the cell sends out an “SOS” 
signal and cellular repair mechanisms 
rush in to repair the damage. If all they 
can do is stitch the two broken ends 

Figure 1: Process for generating genome-edited mouse lines 
using CRISPR/Cas9. Purified CRISPR/Cas9 components are 
directly injected into mouse zygotes and zygotes implanted into 
a surrogate mother. Offspring are then screened for the desired 
mutations. Figure adapted from Qin et al., 2016.
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together through non-homologous end joining (NHEJ), this will leave behind a “scar”, with nucleotides 
missing or added at the broken ends and, as such, cripple the gene. However, if repair material is 
provided (in the form of an oligonucleotide or plasmid), precise changes can be made in the genome 
via the homology directed repair pathway (HDR), be it a single nucleotide change, insertion of a 
reporter gene, or replacement of the murine sequence with a human gene.

Advantages of using CRISPR for mouse genome engineering
From the very start, generating mouse models using CRISPR is easier than more conventional 
methods. Time and money savings come from the fact that CRISPR is so efficient that you can inject 
the reagents directly into fertilized mouse eggs, circumventing the need for enrichment and selection 
offered by mouse ESCs. For example, we often screen only 15-25 mice when generating knockout 
models with CRISPR and find that many, if not all, the mice carry a frameshift mutation. For knock in 
with a donor oligonucleotide, we aim to generate 50 to 100 mice and are usually successful in deriving 
mice carrying the intended mutation. With a donor plasmid, the outcome is less predictable. In our best 
case, we saw that 2 out of 3 mice carried a 5 kb insertion in the ROSA locus as assessed by Southern 
blot.

From the efficiency discussed above extends 4 major advantages of CRISPR mouse editing when 
compared to more conventional methods. First, one can work with almost any strain of mice, as 
compared with conventional gene targeting, which is limited to a few strains, including 129 and 
C57BL/6, for which we have germline competent ESC lines. Second, the process is much quicker. It 
takes 3 months to generate founder mice using CRISPR, as compared with 8 to 10 months going 
through conventional gene targeting. It also costs less. With CRISPR, it may cost about $5,000 to 
generate founder mice, while with conventional gene targeting, the cost may be $50,000. Finally, 
compared to conventional methods of genome engineering, CRISPR is much more efficient at 
generating the desired mutant offspring, with 85% success compared to 50% when using ESC (Cohen, 
2016).

Disadvantages of using CRISPR for generating mouse models
Although CRISPR is incredibly useful for generating mutations by NHEJ and generating small mutations 
with HDR, when it comes to larger scale genome editing, such as replacement of a mouse gene with its 
human ortholog (greater than 5 kb), it remains to be seen whether CRISPR is as robust as conventional 
gene targeting. CRISPR tools were recently used to introduce a 25 kb human gene into the mouse 
genome. However, with only 3.4% of founders establishing germline transmission of the transgene, 
this technique is still in need of improvement. Also when working with CRISPR, one must beware 
that not all gRNAs are created equal. Some work better than others. There are a variety of resources 

Figure 2: In conventional gene editing (A), you 
must first generate your desired mutation in 
mouse ES cells, select for the mutation and 
inject the ES cells into a mouse embryo. This 
laborious process takes longer (~8-10 months) 
than CRISPR gene editing in mice (B). With 
CRISPR, you can inject CRISPR components 
(see Figure 1) directly into a zygote and get your 
desired mouse with the appropriate gene edits 
in much less time (~3 months). Image courtesy of 
Wenning Qin.
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online to guide you in gRNA design. We have been 
using Benchling, but there are many other gRNA design 
tools available. Finally, always remember that you are 
working with RNAs, which are prone to degradation by 
the omnipresent RNase. You may want to declare your 
bench “RNase free” and refrain from talking to friends 
and colleagues while working with these reagents. Other 
than that, be nice to your microinjectionist, who has the 
strategically important job of delivering the payload!

Last but not least, when using CRISPR, remember to 
appreciate the fact that it was first discovered in an 
obscure bacterium and that we still have much to learn 
from biology in all its forms!
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the reagents directly into fertilized mouse eggs, circumventing the need for enrichment and selection 
offered by mouse ESCs. For example, we often screen only 15-25 mice when generating knockout 
models with CRISPR and find that many, if not all, the mice carry a frameshift mutation. For knock in 
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mice carrying the intended mutation. With a donor plasmid, the outcome is less predictable. In our best 
case, we saw that 2 out of 3 mice carried a 5 kb insertion in the ROSA locus as assessed by Southern 
blot.

From the efficiency discussed above extends 4 major advantages of CRISPR mouse editing when 
compared to more conventional methods. First, one can work with almost any strain of mice, as 
compared with conventional gene targeting, which is limited to a few strains, including 129 and 
C57BL/6, for which we have germline competent ESC lines. Second, the process is much quicker. It 
takes 3 months to generate founder mice using CRISPR, as compared with 8 to 10 months going 
through conventional gene targeting. It also costs less. With CRISPR, it may cost about $5,000 to 
generate founder mice, while with conventional gene targeting, the cost may be $50,000. Finally, 
compared to conventional methods of genome engineering, CRISPR is much more efficient at 
generating the desired mutant offspring, with 85% success compared to 50% when using ESC (Cohen, 
2016).

Disadvantages of using CRISPR for generating mouse models
Although CRISPR is incredibly useful for generating mutations by NHEJ and generating small mutations 
with HDR, when it comes to larger scale genome editing, such as replacement of a mouse gene with its 
human ortholog (greater than 5 kb), it remains to be seen whether CRISPR is as robust as conventional 
gene targeting. CRISPR tools were recently used to introduce a 25 kb human gene into the mouse 
genome. However, with only 3.4% of founders establishing germline transmission of the transgene, 
this technique is still in need of improvement. Also when working with CRISPR, one must beware 
that not all gRNAs are created equal. Some work better than others. There are a variety of resources 

Figure 2: In conventional gene editing (A), you 
must first generate your desired mutation in 
mouse ES cells, select for the mutation and 
inject the ES cells into a mouse embryo. This 
laborious process takes longer (~8-10 months) 
than CRISPR gene editing in mice (B). With 
CRISPR, you can inject CRISPR components 
(see Figure 1) directly into a zygote and get your 
desired mouse with the appropriate gene edits 
in much less time (~3 months). Image courtesy of 
Wenning Qin.
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Although CRISPR systems were first discovered in bacteria, most CRISPR-based genome engineering 
has taken place in other organisms. In many bacteria, unlike other organisms, CRISPR-induced double 
stranded breaks are lethal because the non-homologous end-joining (NHEJ) repair pathway is not very 
robust. In many cases, homology-directed repair does not function effectively either, but scientists have 
devised means of co-opting phage genetic systems to facilitate homologous recombination in bacteria. 
These quirks change the way CRISPR-mediated genome engineering functions in bacteria, but have 
no fear - plasmids from Addgene depositors are making it easier than ever to use CRISPR  in E. coli 
and other bacterial species. Read on to learn about the tools available for bacteria and some of the 
applications for which they’ve been used.

The beginnings of bacterial CRISPR engineering
One common way of accomplishing bacterial genome engineering is done with recombineering, 
a technique that utilizes phage recombination machinery to promote homologous recombination 
of linear DNA fragments. Since recombineering does not contain a selection step for successful 
modifications, efficiency can be low, 
especially for larger modifications.

What’s the solution to this inefficiency? Use 
CRISPR to make it a selectable process! 
As NHEJ is ineffective in bacteria, CRISPR-
induced double stranded breaks (DSB) 
are lethal. Addgene depositor Luciano 
Marraffini’s lab took advantage of this 
lethality to design the first synthetic 
bacterial CRISPR system in E. coli. The 
system available from Addgene consists of 
two plasmids:

•	 pCas9: carries Cas9 and 
chloramphenicol resistance

•	 pCRISPR: carries a spacer targeting 
the gene of interest and kanamycin 
resistance

E. coli carrying the phage recombineering 
machinery are first electroporated with 
pCas9. Then, pCRISPR is introduced along 
with an oligonucleotide repair template. Figure 1: Schematic of pCRISPR and pCas recombineering.

Chapter 11 - Using CRISPR in Model Organisms
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Through recombineering, the locus of interest is modified to match the repair template, and the locus 
cannot be recognized by the spacer-derived crRNA. However, if recombineering is unsuccessful and 
the wild-type sequence persists, Cas9 will cleave the gene of interest, inducing a lethal DSB.

This system is distinct from those used in eukaryotes in that CRISPR isn’t the primary editing force. 
In contrast, in E. coli, CRISPR is primarily a means of selection that targets cells in which homologous 
recombination has not occurred. This powerful negative selection system ensures high editing 
efficiency; the only non-edited cells to survive have inactivating mutations in the Cas9 or spacer 
sequence, and these rare events are easily detectable using PCR. The system also functions in S. 
pneumoniae and can be used to generate multiple mutations simultaneously (Jiang et al. 2013).

Genome editing tools for bacteria
CRMAGE system combines CRISPR and recombineering-based MAGE

The Nielsen lab’s CRMAGE system is a fast, multiplexable method that combines CRISPR and 
recombineering-based MAGE (Multiplex Automated Genome Engineering) technology (Ronda et al., 
2016). pMA7CR_2.0 expresses lambda Red and Cas9, which are separately inducible by L-arabinose 
and anhydrotetracycline (aTet), respectively. pMAZ-SK contains an aTet-inducible gRNA and a 
backbone-targeting gRNA cassette for plasmid curing through “self-destruction” after induction with 
L-rhamnose and aTet. CRMAGE is much more efficient than traditional recombineering, with 96-99% 
efficiency for point mutations and 66% efficiency for small insertions. Multiplexing of two targets 
simultaneously is possible with efficiency >70%. CRMAGE is an incredibly fast protocol, with only 5 
hours incubation time needed for a single round of editing, and a subsequent curing protocol that 
requires only 2-3 hours incubation.

E. coli and T. citrea scarless editing plasmids

Sheng Yang’s lab describes a two-plasmid system that combines recombineering with CRISPR to 
create a system for scarless, iterative genome engineering (Jiang et al., 2015). pCas contains Cas9 
and the phage recombination gene lambda Red. pTargetF contains the specific gRNA(s), and the repair 
template is supplied as a dsDNA fragment. Gene deletion efficiency is as high as ~69%, but insertion 
efficiency varies with the length of homology supplied with the template (40 bp - 6% vs 400 bp - 28%.) 
Each round of editing takes two days, and the pTargetF and pCas plasmids can be cured from the 
bacteria via non-selection and growth at 37 °C, respectively. Although developed in E. coli, the system 
was used successfully in Tatumella citrea, another species of Enterobacteriaceae, without the need for 
modification. This finding suggests that the system may be functional in most Enterobacteriaceae.
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pCRISPomyces for editing in Streptomyces 

Streptomyces bacteria produce a wide variety of bioactive natural products. To easily explore and 
engineer pathways within this genus, Huimin Zhao’s lab created two “pCRISPomyces” systems for use 
in Streptomyces (Cobb et al., 2015). pCRISPomyces-1 includes Cas9, a tracrRNA, and a CRISPR array, 
while pCRISPomyces-2 contains Cas9 and a gRNA cassette. The simpler system of pCRISPomyces-2 
displays a higher editing efficiency, perhaps due to its condensed design. For both systems, custom 
spacers/gRNAs are easily inserted using BbsI and Golden Gate Assembly. Either plasmid can be 
also linearized with XbaI to insert extra elements, like a repair template, using Gibson Assembly or 
restriction enzyme cloning. Streptomyces bacteria are more recombinogenic than E. coli, so this system 
functions more similarly to CRISPR/Cas9 systems adapted for eukaryotes in that Cas9-mediated 
cleavage induces HDR to directly modify a given gene.

CRISPR-tranposons

By combining CRISPR editing and transposons, the Sternberg and Zhang labs developed CRISPR-
transposons. The Sternberg lab’s system called INTEGRATE (Insertion of Transposable Elements 
by Guide RNA-Assisted Targeting) and the Zhang lab’s system called CAST (CRISPR-associated 
Transposase) both enable gRNA-directed transposition. INTEGRATE consists of four major components 
including (1) a CRISPR RNA, (2) four proteins forming the QCascade DNA-targeting module with the 
crRNA, (3) three transposase proteins, and (4) the donor DNA. By using a multi-spacer CRISPR array, 
CRISPR-transposons can be multiplexed.

Transcriptional repression (CRISPRi) in bacteria
As RNA interference does not function in bacteria, most efforts to regulate gene expression were 
limited to inducible promoters or direct gene knockout. In contrast, CRISPR offers a much more user-
friendly way to modulate gene expression. The Marraffini lab and Qi lab developed early systems 
for E. coli; while the Marraffini lab used a native minimal CRISPR array (Bikard et al., 2013), the Qi lab 
employed a gRNA-based design more familiar to those using CRISPR in eukaryotes (Qi et al., 2013). 
As in other systems, catalytically dead (dCas9) targeted to a promoter or gene body can repress 
transcription by physically blocking the elongation complex from binding the DNA or extending the 
transcript. Different Cas orthologues and subtypes function somewhat differently and can be more 
effective targeting either the promoter or the coding sequence and the template or non-template 
strand, among other parameters.

Stanley Qi lab’s CRISPRi plasmids

Stanley Qi’s lab demonstrated that a minimal, regulatable CRISPR system effectively silenced 
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transcription of one or more genes in E. coli. and in a mammalian cell line (Qi et al., 2013). Two 
important features of this early system are its regulatable nature and its ability to multiplex repression. 
Using a Tet responsive promoter to drive expression of a catalytically dead Cas9 enzyme allows 
reversible repression based on the presence of the inducer, in this case anhydro-tetracycline (aTc). By 
cloning in two tandem copies of the gRNA cassette, one can reliably knockdown expression of multiple 
target transcripts simultaneously.

Marraffini lab’s CRISPRi/a plasmids

In addition to the early work of the Marraffini lab pioneering genome editing using CRISPR in 
bacteria, they also led early efforts creating tools for CRISPRi and CRISPRa (Bikard et al., 2013). By 
targeting either a catalytically dead Cas9 (dCas9) alone or a dCas9 fused to the omega subunit 
of RNA polymerase, the lab successfully repressed or activated transcription of select genes in E. 
coli. Furthermore, to demonstrate wider applicability they demonstrated success of Cas9 mediated 
repression in the Gram-positive bacterium, Streptococcus pneumoniae.

Robert Husson lab’s M. tuberculosis CRISPRi plasmids

A group from the Husson lab used CRISPRi to study essential genes in M. tuberculosis. dCas9 and 
a gRNA are expressed on pRH2502 and pRH2521, respectively. Both dCas9 and the gRNA are Tet-
inducible, and a gRNA can be cloned easily into pRH2521 using BbsI. This system results in 80-90% 
RNA knockdown across multiple gRNAs per gene (Singh et al. 2016).

Sarah Fortune’s lab M. tuberculosis CRISPRi plasmids

Noting that the more common spCas9 system has generally low efficiencies or can be proteotoxic 
when used in Mycobacterial species, Sarah Fortune’s lab screened 11 other Cas9 orthologs to 
identify a more efficient, well tolerated, Cas enzyme. They identified the Cas9 orthologue from 
Streptococcus thermophilus, Cas9sth1 as a robust and highly active enzyme for transcriptional 
silencing Mycobacterium tuberculosis and Mycobacterium smegmatis. In addition to their identification 
of a new CRISPRi tool, they also optimized the system by modulating the PAM to further tune efficiency 
of knockdown and developed new, more tightly controlled, Tet responsive promoters to avoid leaky 
activation of the system.

Mobile CRISPRi for Gram-negative and Gram-positive bacteria

Jason Peters, Oren Rosenberg, and Carol Gross used two different genetic systems, targeting 
either Gram-negative bacteria or Gram-positive firmicutes, to bring CRISPRi to a much wider swath 
of bacterial species (Peters et al., 2019). The systems differ on how exactly the CRISPRi locus is 
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introduced (Tn7 in Gram-positives and ICEbs1 in Gram-negatives) but share the common CRISPR-
dCas9 system for targeted repression of gene expression. They successfully knock down expression 
of essential and non-essential genes in a wide variety of bacteria including in pooled, genome-wide, 
formats. Interested in knowing more? Check out our Mobile CRISPRi blog post.

CRISPR activation (CRISPRa)
While the activation of transcription is a more challenging problem than repression, scientists have 
deposited several plasmid tools that can be used in this way. As described in the above CRISPRi 
section, the Marraffini Lab published a robust tool for CRISPRi and CRISPRa using RNAP-Omega-dCas9 
fusions. Here’s some more:

SoxS based CRISPRa

In the search for a CRISPR activation method in E. coli, Jesse Zalatan’s lab used an approach to 
identify known proteins involved in the activation of transcription including transcription factors, phage 
proteins, and RNAP components (Dong et al., 2018). They found a transcription factor called SoxS for 
CRISPRa. Adding complexity, they found that they could also include a CRISPRi system for multiplexed 
modulation.

CRISPRa from sigma-54 promoters

Noting that previous work in bacterial CRISPRa had focused on sigma-70 dependent promoters, 
Baojun Wang’s lab developed a system that can activate sigma-54 dependent promoters (Liu et al., 
2019). While sigma-70 promoters are ubiquitous, they are not universal, particularly when it comes to 
non-model bacteria. The authors were able to engineer a dCas9 variant fused to bacterial enhancer 
binding protein required for the activation of sigma-54 type promoters. The system was functional in 
activating promoters in Pseudomonas syringae and Klebsiella oxytoca.

Microbiome engineering
Scientists have begun to realize the potential CRISPR technology can have on the human microbiome. 
You can consider the microbiome as a collection of organisms, their genes, and metabolic processes, 
occupying the gut. Many human diseases have connections to either specific organisms or organism/
gene interactions with the host.

This scenario allows for several potential CRISPR applications. First, CRISPR can be used to target 
locations in the genomes of pathogenic or undesirable bacteria. This system can be delivered a 
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number of ways but success has been observed with Phagemids (Selle et al., 2020, Citorik et al., 2014, 
Bikard et al., 2014). When the CRISPR system targets these genomic locations, and introduces double 
strand breaks, the bacteria are unable to resolve them, and the cells die. 

This could be applied to diseases where the presence of just a single organism, such as Clostridium 
difficile, could be targeted and preferentially depleted from gut. While still far from the clinic, CRISPR-
Cas3 systems have been used successfully in mice for just such a purpose (Selle et al., 2020). 

Targeting a subset of bacteria in a population

Work from the Lu lab found early success using CRISPR-Cas to target subsets of bacteria in population 
based on the presence of specific target sequences (Citorik et al., 2014). These could be genes, 
specific polymorphisms, including antibiotic resistance genes. This approach successfully targeted 
specific organisms when using bacteriophages or mobile plasmids in a bacterial strain introduced to 
the population as methods of introduction.

Engineering the bee gut microbiome

Beyond the human gut, the Barrick lab has deposited plasmids that can be used to engineer the 
bee gut microbiome. They created a modular system using a broad host range plasmid that can be 
maintained in a number of bacteria native to the honey bee and bumble bee gut microbiomes titling it 
the Bee microbiome toolkit (Leonard et al., 2018). 

Base Editing
Among the newest approaches that leverage the remarkable properties of CRISPR-Cas systems is 
base editing. This process is generally accomplished by fusing an enzyme capable of converting one 
base to another to dCas9. The typical gRNA targeting approach is then used to direct the complex to a 
specific locus. This approach provides a more granular level of control where individual bases can be 
modified.

Cytidine deaminase PmCDA1

Akihiko Kondo’s lab identified a cytidine deaminase, PmCDA1, that could be fused to dCas9 and 
efficiently introduce cytosine-to-thymine substitutions in target sequences (Banno et al., 2018). These 
substitutions were limited to approximately a five-base pair window of the target sequence which could 
be adjusted by changing the sgRNA length. The system could be further refined by the addition of a 
uracil DNA glycosylase inhibitor and degradation tag on the fusion protein to limit the activity of the 
system as a whole. 
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Cytidine deaminase for Pseudomonas species

Expanding this tool to other organisms, the Ji lab brought genome and base editing to Pseudomonas 
species (Chen et al., 2018). Using the cytidine deaminase, APOBEC1 and a nickase version of Cas9 
they were effectively able to introduce point mutations in P. aeruginosa, Pseudomonas putida, 
Pseudomonas fluorescens, and Pseudomonas syringae. These vectors contain BsaI sites for easy 
cloning of a gRNA of interest.

Cytidine and adenine base editing in Streptomyces

Some of the most industrially and clinically relevant bacterial species reside in the genus 
Streptomyces, yet genome engineering remains challenging for most organisms in the genus. Work 
from the Sun lab demonstrates the utility of cytidine and adenine base editors that enable C-to-T and 
A-to-G base substitutions respectively. Substitutions seem most efficient when using a nickase version 
of Cas9, but were also successful using a dCas9 variant as well. Furthermore, they provide a high-
fidelity (HF) variant of the BE3 that further improves editing rates.
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Emerging CRISPR/Cas9 editing technologies have transformed the palette of experiments possible in a 
wide range of organisms and cell lines. In C. elegans, one of the model organisms which I use to study 
gene regulation during developmental processes, CRISPR/Cas9 allows us to delete sequences and 
introduce mutations and epitopes with unprecedented ease. These new C. elegans approaches rapidly 
enrich for editing events without the need for any selective marker to remain in the edited animal.

Development of CRISPR/Cas9 editing strategies in C. elegans
As brilliantly and irreverently illustrated in the parable of the Geneticist vs the Biochemist, we 
geneticists are a lazy bunch who love to rely on the awesome power of genetic selection. Knock-in 
events tend to be rare, and the challenge with any experiment is in efficient recovery of these edits. 
Initial work in C. elegans relied on selective markers such as drug resistance (Chen et al., 2013), 
fluorescence (GFP) (Tzur et al., 2013), or rescue of mutant phenotypes (unc-119) (Dickinson et al., 2013). 
These approaches allowed effective recovery of knock-ins, but did result in 1-2 kilobases of additional 
sequence being introduced. Cre-mediated excision of the selective cassette minimizes the sequence 
added, leaving a 34 bp “scar”, but currently requires additional experimental manipulation. In some 
cases, injection of Cre is required, however the development of the self-excising cassette (Dickinson 
et al., 2015) made this step as simple as heat-shocking to induce the expression of a Cre recombinase 
contained within the knock-in. Including Cre-mediated marker excision, it takes approximately 3-4 
weeks to obtain a homozygous, outcrossed knock-in ready for experimentation.

In 2014, several manuscripts published in the journal Genetics detailed approaches in which selection 
for an editing event that produces a visible phenotype enriches for knock-outs and knock-ins at other 
genomic loci. The first approach – co-CRISPR from Craig Mello’s lab – used inactivation of the unc-22 
gene as their selection marker (Kim et al., 2014). Meanwhile Andy Fire’s lab used oligo-mediated knock-
in of a dominant mutation, known as co-conversion (Arribere et al., 2014). In both cases, the selected 
mutation must be removed, which can be done by isolating animals with particular visible phenotypes. 
These approaches may become even more powerful following a report that one can use linear repair 
templates (ie. PCR-derived dsDNA) with 30-60 bp homology arms to knock in large epitopes, such 
as GFP (Paix et al., 2014). A further development of this approach reported in 2017 uses the direct 
injection of a CRISPR/Cas9 ribonucleoprotein complex with linear DNA as repair templates which 
reduces time to generate edits to only four days (Paix et al., 2017). The co-CRISPR and co-conversion 
approaches have the advantage of being used in any genetic background, but require variable 
amounts of experimental manipulation and screening. 
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A co-selection strategy for CRISPR editing in C. elegans improves 
efficiency 
I was fortunate – or unfortunate enough, depending on perspective – to work with inefficient sgRNAs 
in my initial direct screening efforts, which were similar to the approach detailed by Paix et al. Although 
I was able to knock-in a 2xFLAG epitope into my gene of interest, I encountered low efficiency (0.13%) 
and laborious handling (screening 768 F1 animals). Recovering rare editing events in a sea of unedited 
animals struck me as a “needle in the haystack” type of problem and led to me to explore alternate 
approaches. Being a “lazy” geneticist, I developed a co-selection approach relying on repair of a 
conditional-lethal mutation to identify edits with minimal screening effort. Selecting for repair of a lethal 
mutation should remove much of the unedited “haystack”, facilitating recovery of edited animals.

In 2015 (Ward, 2015), I demonstrated 
that selection for repair of a 
temperature-sensitive pha-1 mutation 
significantly enriches for knock-in of 
2x and 3xFLAG epitopes into other, 
non-linked loci; pha-1(e2123) mutant 
worms are perfectly viable at 15ºC, yet 
exhibit complete embryonic lethality 
at 25ºC. This method resulted in 
efficiencies ranging from 11-100% of 
F1 animals carrying precise knock-ins, 
and homozygous knock-in animals 
can be obtained in eight days. The 
only animals on a plate, other than 
the parental animal, are rescued 

progeny, which makes screening extremely rapid. This stringent selection allowed me to optimize 
a variety of editing parameters: oligo repair templates with homology arms of 35-80 bp, and DNA 
double-strand breaks up to 54 bp from the desired insertion site result in efficient editing. Repair oligos 
do not need to be PAGE purified, although doing so increases knock-in efficiency. Finally, as shown in 
Drosophila S2 cells (Böttcher et al., 2014), inactivation of NHEJ results in a further increase in knock-in 
efficiency, presumably by channeling DNA breaks into the homologous recombination repair pathway. 
Reagents required to perform pha-1 co-conversion are available through Addgene. In 2019, Farboud 
et al. described another similar co-conversion marker (repair of a zen-4(cle10ts) allele), increasing 
experimental options (Farboud et al., 2019).

Figure 1: Only animals rescued for the conditional lethal mutation 
survive the selection. Image from Jordan Ward, UCSF.
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Expanding and improving the CRISPR/Cas editing toolbox for C. 
elegans
Recent work has further improved the efficiency of genome editing by CRISPR whether it be by 
improved gRNA or repair template design, delivery, screening, or other methods. Here are some 
highlights from the past few years: 

Repair template design

The Meyer lab meticulously characterized several aspects of editing. First, they devised guidelines for 
designing single-stranded repair templates (Farboud et al., 2019).  

The Mello lab also reported that modifying the 5’ modification of oligos used to generate linear dsDNA 
repair templates by PCR boosted efficiency (Ghanta et al., 2018). They further built on this work, 
discovering that melting and rapidly cooling dsDNA repair templates dramatically boosted editing 
efficiency (Ghanta et al., 2020). They also found that the majority of knock-ins were occurring 24 hours 
post-injection, making screening for knock-ins much more efficient. Pure PCR repair templates are 
critical for efficient knock-ins (Ghanta et al., 2020). Together, these improvements from the Mello lab 
resulted in strikingly high editing efficiencies, obtaining as many as 100 independent GFP knock-ins 
from a single injected animal. 

PAM sequence considerations
For changes 5’ to the PAM, sequences corresponding to the same strand as the PAM produced a 
higher editing efficiency, while edits 3’ to the PAM sequences corresponding to the opposite strand 
were better (Farboud et al., 2019).

The Meyer lab also determined optimal PAM orientation for editing using two Cas9 targets. An 
orientation where the 5’ ends of the PAMs are facing outwards, ensuring the PAMs remain on the 
chromosome after DSB formation, was most efficient (Farboud et al., 2019). Using this approach, they 
were able to insert 10 kb of non-homologous sequence or a series of single-nucleotide substitutions 
along a 1.5 kb tract, all without selectable markers. 

CRISPR in C. elegans

The Meyer and Mello labs identified several experimental set ups that could improve CRISPR efficiency 
in C. elegans. The Meyer lab also found that mating improved editing efficiency suggesting that sperm 
are more permissive to Cas9 editing (Farboud et al., 2019). Work from the Mello lab has dramatically 
improved RNP editing with linear repair templates. They found that Cas9 RNPs could be toxic at high 
concentrations, and editing efficiency improved by using more dilute mixtures (Doksin et al., 2018). 
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The Mello lab reported efficient editing using a co-injection marker that is mainly lost in F2 animals, 
removing the need to segregate away co-conversion markers.

Expanding beyond Cas9

Since the development of CRISPR/Cas9 editing methods, other Cas proteins have been adapted for 
use in C. elegans. In 2017, the Korswagen lab developed Cas12a (Cpf1) for editing in C. elegans (Ebbing 
et al., 2017). Because C. elegans has an AT-rich genome, it can be difficult to find an appropriate NGG 
PAM site to target. The (T)TTN PAM motif required by the Acidaminococcus sp. BV3L6 Cas12a (AsCpf1) 
eases this constraint and allows editing from more sites of the C. elegans genome.

Toolkits for editing in C. elegans

The development of toolkits such as the SapTrap CRISPR/Cas Toolkit and SapTrap-SEC kit for C. 
elegans genome engineering have also facilitated CRISPR editing in C. elegans. These modular 
toolkits build single plasmid targeting vectors that encode the gRNA transcript and the repair template 
of your choosing. Tools such as SapTrap Builder greatly simplifies design of these constructs, allowing 
novice researchers to quickly and easily start genome editing (Schwartz et al., 2018).

To see more CRISPR tools for C. elegans, visit Addgene’s C. elegans CRISPR plasmids page.

Future perspectives
It is interesting to note that recipients for the 2015 Breakthrough Prize included Jennifer Doudna and 
Emmanuelle Charpentier for their pioneering CRISPR/Cas9 work (now recognized by the 2020 Nobel 
Prize in Chemistry), and Victor Ambros and Gary Ruvkun for their seminal work on micro RNAs in C. 
elegans. The C. elegans work on small RNAs informed and drove work in countless other systems, 
whereas import of CRISPR technology into C. elegans has been a transformative innovation for our 
community. Developments in mammalian and yeast cells using modified Cas9 proteins to regulate 
gene expression (CRISPRi/CRISPRa), visualize specific genomic loci (CRISPR-imaging), or to find the 
proteins associated with a given genomic locus (CRISPR-ChAP-MS) could further transform the range of 
experiments imaginable in C. elegans. Equally, some of the “elegans” methods outlined in this post – 
particularly the use of co-selection methods – could greatly streamline editing in other organisms and 
systems, allowing rapid progress in a wide range of fields.
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Engineering the Plant Genome Using CRISPR
By Joel McDade | Oct 11, 2016, Updated Dec 22, 2020 by Benoit Giquel

CRISPR has taken the genome engineering world by storm owing to its ease of use and utility in a wide 
variety of organisms.  While much of current CRISPR research focuses on its potential applications 
for human medicine (Waltz, 2016), the potential of CRISPR for genome engineering in plants is also 
being realized. There are a variety of reasons to consider using genome editing to change the genetic 
code of plants, including the development of crops with longer shelf life and the development of 
disease-resistant crops to increase agricultural yield (Wang et al., 2016; Wang et al., 2014). While it 
is certainly possible to select for desirable traits using traditional plant breeding approaches, these 
techniques are cumbersome, often requiring several rounds of selection to isolate plants with the 
phenotype of interest. Genome engineering, on the other hand, allows for targeted modification 
of known or suspected genes that regulate a desired phenotype. In fact, CRISPR has already been 
used to engineer the genome of many plant species, including commonly used model organisms like 
Arabidopsis and Medicago truncatula and several crop species including potato, corn, tomato, wheat, 
mushroom, and rice (Khatodia et al., 2016). Despite the almost universal functionality of the CRISPR 
system in most organisms, some plant-specific changes to CRISPR components are necessary to 
enable genome editing in plant cells.  

CRISPR components for plant genome engineering
CRISPR can be used to knockout, activate or repress target genes in plants using the same general 
experimental design principles developed in other model organisms (see our CRISPR guide for 
common CRISPR principles). However, plant-specific modifications to commonly used CRISPR plasmids 
are necessary to use the CRISPR system in plant cells. Like other model systems, expression of S. 
pyogenes Cas9 or Cas9 variants (hereafter referred to as Cas9) and a single stranded guide RNA 
(gRNA) is sufficient to modify the genome of plant cells. The structure of the gRNA (composed of a ~20 
nucleotide targeting sequence and ~75 nucleotide scaffold sequence) is consistent between plants 
and other organisms, but the promoter used to drive gRNA expression is dependent upon the cell type 
in question. In plant cells, gRNA expression is achieved by placing the gRNA downstream of a plant-
specific RNA pol III promoter, such as AtU6, TaU6, OsU6 or OsU3, which are commonly used to drive 
expression of small RNAs in their respective species. Addgene carries >30 “empty gRNA” backbones 
which contain a plant pol III promoter and gRNA scaffold sequence and allow researchers to insert 
targeting oligos with minimal cloning required. As with other model systems, multiple gRNAs can be 
expressed to modify several genomic loci at once (get more information on multiplexing gRNAs here).

Cas9 is commonly tagged with a nuclear localization sequence to enhance targeting to the nucleus, 
and several codon optimized Cas9 variants have been created in an effort to increase translation in a 
particular plant species or cell type (Belhaj et al., 2013). Nuclease dead Cas9 (dCas9) based activators 
(such as dCas9-VP64) or repressors (dCas9-KRAB or dCas9-SRDX) can also be used to activate or 
repress target genes in plant cells, respectively. Cas9 expression is commonly driven by plant-derived 
RNA pol II promoters which regulate expression of longer RNAs (such as mRNAs for gene expression). 

https://www.addgene.org/CRISPR/guide/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/empty-grna-vectors/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://blog.addgene.org/multiplex-genome-editing-with-crispr-cpf1?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr


Addgene’s CRISPR eBook (3rd edition)

202

Chapter 11 - Using CRISPR in Model Organisms

Engineering the Plant Genome Using CRISPR 
(CONT’D)

Examples of commonly used RNA pol II promoters for Cas9 expression include the ubiquitously 
expressing cauliflower mosaic virus 35S promoter (CaMV 35S) or ubiquitin promoters (Belhaj et al., 
2013). Addgene carries Cas9-containing plasmids for knockout, activation and repression of target 
genes in plants and many of the aforementioned empty gRNA backbones also contain Cas9, which 
enables expression of both Cas9 and the gRNA off of the same plasmid.

Delivering CRISPR components to plant cells
Once you have selected the correct CRISPR components for your application, it is time to deliver these 
components to your target cells. Remember, efficient delivery of CRISPR components is essential for 
any CRISPR experiment, and failure to express either 
the gRNA or Cas9 in your cell line will result in a failed 
experiment. CRISPR components can be expressed 
stably or transiently depending on the delivery method 
and cell type in question. CRISPR components can be 
delivered and expressed transiently using a standard 
detergent, Polyethylene Glycol (PEG), although the 
application of this approach is limited to protoplast 
cells (plant cells whose cell wall has been removed). 
Another common delivery method is agrobacterium-
mediated delivery, which uses the soil derived 
bacterium Agrobacterium tumefaciens as a vehicle to 
deliver your gene of interest into a target cell line or 
organism (Presented in figure 1). More information on 
Agrobacterium-mediated transformation can be found 
in this blog post. The pDGE Dicot Genome Editing Kit 
from the Stuttmann lab contains a variety of 
Agrobacterium-compatible, Cas9 containing vectors 
ready for Golden Gate mediated cloning of your gRNA 
of interest.

In recent years, deaminase-mediated base editing 
(cytosine base editor or adenine base editor) and 
reverse transcriptase-mediated prime editing 
technologies have been shown to be excellent 
alternative genome editing technologies especially in 
human cells. In contrast to homology directed repair, 
these methods do not involve double strand break 
(DSB) formation and do not require donor DNA. These 

Figure 1) Agrobacterium tumefaciens can be used 
as a vehicle to deliver your gene of interest (YGI) 
into plant cells.  The system typically consists 
of a Ti plasmid into which YGI is inserted and a 
Ti “helper” plasmid, which contains VIR genes 
necessary for T-DNA processing and insertion 
into the plant genome.

https://www.addgene.org/crispr/activate/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/interfere/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://blog.addgene.org/psim24-simplifying-plant-genetic-engineering?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/kits/stuttmann-dicot-genome-editing/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/crispr/base-edit/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
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precise edits tend to be more efficient than HDR (reviewed in Zhu et al., 2019). Both cytosine base 
editors and adenine base editors have been developed for plants and prime editing for plants has 
been developed for rice by Yiping Qi’s lab and for rice and wheat by Caixia Gao’s lab.

More recently developed methods can also be used to efficiently deliver CRISPR-Cas9 components 
into plants. Nanoparticles such as carbon nanotubes (Kwak et al., 2019), DNA nanostructures (Zhang 
et al., 2019) or cell-penetrating peptides (Santana et al., 2020) and plants viruses (barley yellow striate 
mosaic virus (Gao et al., 2019) or sonchus yellow net rhabdovirus (Ma et al., 2020)) have already been 
shown to be efficient ways to deliver CRISPR-Cas9 to plant cells and should be considered alternative 
to PEG or agrobacterium-mediated delivery.

Summary
While different in many of the specifics - promoters used, precise protein sequences or domains, and 
methods of delivery - the underlying technique of CRISPR mediated genome engineering in plants isn’t 
all that different from how it’s used in other systems. Luckily, you don’t have to look far for plasmids 
that have the plant-specific modifications required for targeting your favorite plant gene; you can 
find many plasmids for a wide variety of CRISPR applications in plants available through Addgene. In 
addition to the plasmids described above, Addgene carries several useful CRISPR toolkits for creating 
plant expression plasmids, including plant CRISPR plasmids from the Yiping Qi lab and the MoClo Plant 
Parts Kit from the Patron Lab.  As with all plasmids in the repository, we highly recommend reading the 
associated publications or protocols to get the most out of the plasmid you chose for your experiment, 
but, if you’re working with plants, don’t be afraid to try your hand at CRISPR.
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General CRISPR Safety Considerations
By Mary Gearing | Jan, 2016

Addgene loves supplying CRISPR plasmids, but we want to make sure you’re aware of potential 
safety issues. These include biosafety concerns, as well as biocontainment concerns for researchers 
working with highly mobile model organisms like Drosophila. This section provides basic background 
information to help you use CRISPR safely, but please be sure to contact your institution’s Biosafety 
Committee before beginning work.

Viral vectors
If you’re using CRISPR with a viral vector system, please refer to our Viral Vector Biosafety Guide.

Lentiviral CRISPR systems are very common for both single gene and pooled library knockout 
experiments. The lentiviral systems available at Addgene are derived from HIV, but their organization 
across multiple plasmids and the deletion of many HIV proteins lowers the probability of generating 
replication-competent virus. Lentiviral vectors are handled at BSL-2/2+ safety levels.

Addgene also supplies some CRISPR plasmids for retroviral infection. Retroviral vectors are classified 
based on the cell types they infect; vectors that can infect human cells are handled at BSL-2/2+, while 
other vectors may be handled at BSL-1 depending on the target gene(s).

One popular CRISPR application uses SaCas9 with an adeno-associated viral vector (AAV) for in vivo 
gene editing. Since AAV is replication-incompetent and is not known to cause disease in humans, it is 
usually handled at BSL-1, provided that the gRNA(s) used do not have potential oncogenic, apoptotic 
or toxic effects. Please note, if you use a helper virus instead of a helper plasmid system to deliver your 
AAV cargo, your work should be done in BSL-2 conditions.

Preventing unintended editing
Since CRISPR is such a robust editing system, scientists need to be extra cautious when designing 
experiments to avoid the possibility of “accidental researcher self-editing.” When working with model 
organisms, the easiest way to reduce this possibility is to design gRNAs that target sequences not 
conserved in humans. Once you’ve used your favorite CRISPR software to design gRNAs, BLAST them 
against the human genome to check for potential off-targets.

The method used to deliver Cas9 and gRNA(s) can also affect biosafety risk. Cell culture treatment or 
animal injection are contained, relatively low risk methods. Inhalation-based delivery presents a higher 
risk since it is more difficult to contain the viral particles. To minimize the risks associated with CRISPR 
inhalation, Addgene depositor Andrea Ventura has used an aerosol-based system with a replication-
incompetent virus targeting mouse-specific loci.

Chapter 12 - Biosafety
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https://www.addgene.org/viral-vectors/lentivirus/lenti-guide/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://www.addgene.org/viral-vectors/retrovirus/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
http://blog.addgene.org/tips-for-using-blast-to-verify-plasmids?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://pubmed.ncbi.nlm.nih.gov/25337876/


Addgene’s CRISPR eBook (3rd edition)

207

Chapter 12 - Biosafety

General CRISPR Safety Considerations (CONT’D)

As alluded to above, the question of “what” you’re trying to edit is often just as important as “how.” 
Work targeting tumor suppressor or oncogenic genes, like P53 or KRAS, warrants a high level of 
prudence. Introducing human disease alleles into model organisms also comes with risk, especially if 
the gRNA target sequence is conserved in humans. In general, any editing that promotes oncogenesis 
or apoptosis, or could be potentially toxic, should be carefully designed to maximize biosafety and 
minimize researcher risk.

Gene drive containment
If you’ve kept up with CRISPR, chances are you’ve heard of gene drives. If not, check out our blog 
post on gene drives from guest writer Kevin Esvelt. In short, gene drives allow a genetic modification 
to spread rapidly through a sexually reproducing population. In standard inheritance, a heterozygous 
parent has a 50% chance of passing a modified gene to its offspring. In gene drive inheritance, nearly 
100% of offspring inherit the modification. CRISPR/Cas9-based gene drives consist of Cas9 and a 
gRNA positioned adjacent to each other in the locus targeted by the gRNA. If this cassette is present 
on one chromosome, Cas9 activity can result in the gene drive being copied to the other chromosome, 
increasing its inheritance rate and allowing it to spread rapidly throughout the population.

Gene drives have many potential uses - in fact, a recently published gene drive renders mosquitoes 
resistant to the malaria-causing parasite Plasmodium falciparum. If released into the wild, this gene 
drive could end malaria as we know it. However, the key advantage of a gene drive is also its main 
disadvantage - if accidentally released, a gene drive can spread rapidly, with uncertain consequences. 
Thus, working with gene drives, especially in organisms likely to escape confinement, like flies and 
mosquitoes, requires experimental confinement strategies.

Avoiding accidental creation of a gene drive is simple: don’t use a DNA vector that contains both Cas9 
and a gRNA. This separation prevents Cas9 and a gRNA from integrating together into the genome, 
and is analogous to the common strategy of dividing viral vector components across multiple plasmids. 
For example, Cas9 can be maintained episomally or integrated into the AAVS1 safe harbor locus.

If you do want to work with gene drives, see the infographic below for some different types of 
confinement strategies. Ideally, multiple types of confinement strategies should be used together to 
prevent accidental release.

https://blog.addgene.org/transgenic-organisms-cas9-gene-drives-and-appropriate-safeguards?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://blog.addgene.org/transgenic-organisms-cas9-gene-drives-and-appropriate-safeguards?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=crispr
https://pubmed.ncbi.nlm.nih.gov/26598698/
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Figure 2: Reversal and immunizing drives. Reversal drives “reverse” previous gene drives by reintroducing 
previously edited/deleted genes. Immunizing drives modify a gene of interest to prevent other gene drives from 
targeting it. Figure adapted from Esvelt et al.

Figure 1: Visual depiction of common containment strategies. For optimal biocontainment, multiple strategies 
should be used together. Figure adapted from Esvelt et al.

Gene drive reversal and immunization
Stringent confinement is only a part of the best practices for working with gene drives. Ideally, 
researchers should also develop tools to rapidly reverse engineered gene drives. The first reversal 
gene drive was recently developed in yeast. This reversal drive cuts the previously inserted gene drive 
to insert a functional version of the originally targeted gene (see figure below). Although Cas9 and a 
gRNA remain in the genome, wild-type gene function is restored.

Gene drive immunization can also prevent unwanted modifications due to accidental release. In this 
situation, the immunizing drive recodes a portion of the gene such that the gRNA in the gene drive 
cannot modify it, thus preventing a gene drive from affecting this “immunized” population (see figure 
2).

Specific questions about how biosafety relates to your research should be directed to your institution’s 
Biosafety Committee.

https://pubmed.ncbi.nlm.nih.gov/26571100/
https://pubmed.ncbi.nlm.nih.gov/26571100/
https://pubmed.ncbi.nlm.nih.gov/25035423/
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Gene drive reversal and immunization
Stringent confinement is only a part of the best practices for working with gene drives. Ideally, 
researchers should also develop tools to rapidly reverse engineered gene drives. The first reversal 
gene drive was recently developed in yeast. This reversal drive cuts the previously inserted gene drive 
to insert a functional version of the originally targeted gene (see figure below). Although Cas9 and a 
gRNA remain in the genome, wild-type gene function is restored.

Gene drive immunization can also prevent unwanted modifications due to accidental release. In this 
situation, the immunizing drive recodes a portion of the gene such that the gRNA in the gene drive 
cannot modify it, thus preventing a gene drive from affecting this “immunized” population (see figure 
2).

Specific questions about how biosafety relates to your research should be directed to your institution’s 
Biosafety Committee.

Figure 2: Reversal and immunizing drives. Reversal drives “reverse” previous gene drives by reintroducing 
previously edited/deleted genes. Immunizing drives modify a gene of interest to prevent other gene drives from 
targeting it. Figure adapted from Esvelt et al.
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